Molecular markers of ecotoxicological interest in the rainbowfish Melanotaenia fluviatilis by Ponza, P
Molecular markers of ecotoxicological interest in the 
rainbowfish Melanotaenia fluviatilis 
 
 
A thesis submitted in fulfilment of the requirements for the degree of 
Doctor of Philosophy 
 
 
Pattareeya Ponza 
B.Sc, M.Sc 
 
 
 
School of Applied Sciences 
Science, Engineering and Technology Portfolio 
RMIT University 
August 2006 
 i 
Summary  
The Crimson-spotted rainbowfish (Melanotaenia fluviatilis) from the Murray-Darling 
basin of Australia is a common indicator species in Australian ecotoxicology. Biochemical 
changes have been investigated in this species, but not molecular markers of ecotoxicological 
interest. In this study genes of M. fluviatilis were isolated using a cDNA library and sequences 
analysed. Of 345 randomly selected clones, 94 shared similarity with 26 different genes in other 
organisms in public databases. Amongst these, reproductive genes coding for vitellogenin, retinol 
binding protein, sialyltransferase and zona pellucida protein were considered of interest in 
ecotoxicology. The vitellogenin gene was selected for study as it has been widely used as a 
molecular marker of exposure to 17β-estradiol (E2) in teleosts. Gene expression was examined 
via northern blot, RT-PCR and Real-Time PCR relative to the housekeeping gene (18S rRNA). 
The expression of vitellogenin mRNA was observed at 12 hours post-exposure, peaked at 48 
hours according to northern blot analysis; and cleared within 4 days, partly consistent with RT-
PCR. However, Real-time PCR yielded an inconclusive result, probably due to differences 
between pooled and individual samples. Vitellogenin in blood plasma was confirmed by western 
blot, found to be significantly increased and retained in the plasma in fish treated with E2 
compared to controls. It was concluded that vitellogenin mRNA is a molecular marker of 
exposure to 17β-estradiol in the rainbowfish, and could potentially be used as a marker of 
exposure to environmental estrogenic chemicals. Further investigations of the expression of 
genes in the cDNA library, could establish other molecular markers of ecotoxicological interest 
in M. fluviatilis.  
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Chapter 1 Review of Literature on biomarkers of exposure to 
environmental chemicals 
1.1 Effects of pollutants on biota 
The effects of pollutants on biota have been widely studied and monitored for decades. 
In addition it has long been known that the pollutants can alter the physiology of an organism, 
which in turn affect survival and alter population structure through behavioural changes (Scott 
and Sloman, 2004). Examples of physiological changes in response to pollutants that have been 
reported include growth rate (Farkas et al., 2002), egg shell thinning in birds (Falk et al., 2006), 
sexual differentiation in avians (Ottinger et al., 2005) and behaviour disruptions in many 
organisms (Clotfelter et al., 2004; Scott and Sloman, 2004; Ottinger et al., 2005). 
These physiological impairments are invariably the result of biochemical changes in an 
individual, which can be measured as changes in specific enzymes or hormones. The group of 
enzymes that usually detoxify xenobiotics are phase I and, subsequently phase II 
biotransformation enzymes, and are commonly measured as biomarkers of exposure to 
toxicants. For example, cytochrome P450s, monooxygenases, glutathione transferase, 
methylesterase and ethylesterase (Schlenk, 2001; Schlenk and Benson, 2001; SoleSolé et al., 
2003). Ethoxyresorufin-O-deethylase (EROD) is a key enzyme which is representative of 
cytochrome P-450 isozymes.  Changes in EROD activity following organic pollutant exposure is 
a reliable biomarker in fish (Collier et al., 1992). Other well-studied enzymes include, 
Acetylcholineaseterases, which are key enzymes for neurotransmission (Contestabile et al., 
1977; Villani et al., 1979; de la Torre et al., 2002; Chuiko et al., 2003). For example, Abdel-
Halim et al. (2005) monitored organophosphorous (OPP) pollutants in the aquatic environment 
using acetylcholineasterase activities in fish as an indicator. 
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 Biochemical disruption as a result of pollutants can also be evident as an interference in 
hormone production. With respect to disruption as a result of xenobiotic exposure in aquatic 
species, the most widely studied hormones are reproductive hormones. For example, it was 
found that contaminants in a natural river could alter the structure of the hormone such as 
thyroid hormone. It was found that contaminants in a natural river could alter the structure of the 
hormone such as thyroid hormone and therefore lead to hormone dysfunction in mummichogs 
which might relate to the behavioral differences between fish from a polluted and a clean site 
(Zhou et al., 2000). 
Whilst the impacts of pollutants on biota are often manifest at the population or 
physiological level (due to changes in biochemistry and enzymology) this in turn is a reflection 
of changes occuring at the molecular level within the cell(s). Gravato and Santos 2003) use 
erythrocytic micronuclei and erythrocytic nuclear abnormalities as cytotoxic biomarkers of 
exposure to toxicant. These changes include, among other things, deterioration in molecular 
structure of nucleic acids (DNA and RNAs). Several biomarkers are employed to detect this 
type of  genotoxic exposure, for example, DNA strand break, alkaline elution, the DNA 
unwinding test and comet assay (Bolognesi et al., 2004). The DNA damage assay, or comet 
assay, has been widely used as a tool for monitoring pollution effects as shown in (Mamaca et 
al., 2005), where the assay was perfomed on blood and haemolymph cells of fish and mussels, 
respectively. This type of study has been named  “Genetic ecotoxicity” (Theodorakis, 2001) or 
“Genotoxicity” (Pacheco and Santos, 2002), which are studies that focus both on somatic effects 
(DNA damage) and population effects, such as changes in genetic diversity and population 
frequencies (Theodorakis, 2001; Pacheco and Santos, 2002). These are considered as direct 
effects linked to indirect effects such as genetic bottleneck (a period in the history of population 
during which the number of individuals is reduced significantly), genetic drift (changes in allele 
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frequency in a population from one generation to another and it may cause the allele and the 
biological trait that it confers to become more common or more rare over successive 
generations) and/or genetic adaptation (any characteristic that improves the chances of an 
organism transmitting genes to the next generation)., by selection of the tolerant genotypes 
(Bolognesi et al., 2004). All of these effects may lead to an altered genotype diversity followed 
by a possible altered age class structure and a decreased abundance (Larno et al., 2001). Many 
of these are now applied as biomarkers.  
1.2 Biomarkers studied in aquatic organisms 
Measurement of biological responses to a toxic agent within the individual has been and 
continues to be an important branch of toxicology. Tools that enable measurement of exposure, 
the extent of any toxic response, and also enable a researcher to predict the likely responses to 
xenobiotics are collectively known as “Biomarkers” (Timbrell, 1998).  
A biomarker is defined as “ a biological response to a chemical or chemicals that gives a 
measure of exposure and sometimes also of toxic effect” (Walker et al., 1996). In a review of 
biomarkers, (Payne et al., 1996) reported that biomarker studies began in the 1970s. At this time 
it was known as “assessing the effects of chemical contamination that lead to the changes in 
biochemical and physiological parameters in resident biota”. Effects on organisms that are due 
to chemicals can be measured at a number of different levels of biological organization; from 
the molecular level (genes), the biochemical level, the physiological level, the whole organism 
level through to changes in populations that can in turn lead to alterations of entire ecosystem. 
This has been clearly represented diagrammatically by Sepulveda (2005) as is shown in 
Figure1.1. Sepulveda (2005) represented this diagram in her lecture note reflecting the 
assessment of the effects of chemical contamination on organisms in a matrix of time, exposture 
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or stress levels and biological reponses. The responses of exposure or stress could be assessed in 
minutes or hours, days, weeks, months or years depending on levels of exposure or stress. 
 5 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
Figure 1.1:Paradigm for ecological assessment. The diagram showing biological responses 
to xenobiotic exposure or stress as illustrated by Sepulveda (2005). 
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Biomarkers can be general, that is where whole organism growth or behavior or survival 
of individuals is measured, such as the gonadosomatic index and hepatosomatic index as 
suggested in Kleinkauf et al. (2004), and secondary sex characteristics changes as observed in 
male guppy (Toft and Baatrup, 2001), or they can be highly precise, where a specific enzyme(s) 
or metabolic step(s) are examined and even quantified as indicated in widely studies of 
biomarkers, such as Acetylcholinesterase activity in fish (Dizer et al., 2002). Both types of 
biomarker studies provide important information for the biologist, but the type of information is 
very different and care must be taken when trying to relate different biomarker studies. An 
examples of using several biomarkers to interpret or assess ecological risks was found in 
(Dickerson et al. (1994); MacGregor (2004). The authors used the incorporation of 
mechanistically based biomarker as a tool to assess an ecological risk from polycyclic aromatic 
hydrocarbon contaminated site. Uses of these biomarkers showed the bioavailability and 
bioaccumulation of the chemical. Another example by MacGregor (2004) reported that a 
combination of genomic technologies with a knowledge of gene sequence and sequence 
conservation has produced markers that facilitated the correlation of genetic variation with 
biological outcomes.  
Most toxicants in the biosphere are likely to accumulate in aquatic environments 
(Harford et al., 2005), as a result aquatic organisms are commonly used as model organisms for 
biomarker studies. Aquatic animals include vertebrate and invertebrate phyla, however 
invertebrate phyla are often neglected in ecotoxicological studies (Galloway and Depledge, 
2001). Recently, (Galloway and Handy, 2003) reviewed the use of invertebrates in 
immunotoxicological studies of organophosphate pesticides (OP). In some areas of study, 
invertebrates have the potential to play an enormous role in biomonitoring (Bolognesi et al. 
2004). Using the bivalves Mytilus galloprovincialis as a bioindicator organism, Bolognesi et al. 
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(2004) examined bioaccumulation factors as a response to organic pollutants. They chose this 
organism because of the feeding habit of the animal, since it is a sessile filter-feeder and it has a 
relatively low metabolic detoxification rate.   
In Australia and New Zealand, the Australian and New Zealand Guidelines for Fresh and 
Marine Water (http://www.deh.gov.au, 12/04/06) are routinely used by researchers as a 
benchmark against which to evaluate biomarker responses and ecotoxicological studies. Fish 
and aquatic vertebrates, have been broadly employed as testing animals, both in their normal 
habitats and also in test chambers (Castro et al., 2004). The procedures for exposure are well 
established and standardised. A variety of fish life stages have been used as test organisms in 
test chambers, with studies ranging from the examination of eggs, juveniles through to adults in 
the following studies.  Power et al. (2001) studied the role of thyroid hormones during 
embryogenesis in the flat fish. Humphrey et al. (2003) tested eggs of M. splendida splendida 
with chlopyrifos. Jobling et al. (2003) studied the effects of EE2, Bisphenol-A, 4-tert 
octylphenol and sewage effluent on embryo production in a prosobranch mollusc. These are 
examples of application of toxic substances on early life stages of aquatic organisms. The reason 
of using eggs or larvae stages would result from their sensitivity, ability to manage, time and 
cost feasibility and also ease of following up. Juveniles are good indicators of acute effect 
studies as they could give a measurable/observable responses upon an exposure. A study by 
Cooley et al. (2001) used the responses of rainbow trout to indicate narcotic toxicological mode 
of action. These responses included diminished or no startle response, loss of equilibrium and 
developed a dark coloration., Gravato and Santos (2002) and Wheelock et al. (2005) used 
juvenile sea bass and Chinook salmon for their acute tests. Adult Japanese medaka had been 
used in Tilton et al. (2003) and Versonnen et al. (2004) to investigate bioaccumulation of 
cadmium in reproductive organs which disrupt important endocrine processes and this would 
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potentially affect fish population exposed to cadmium. A study of Versonnen et al. (2004) 
reported that adult male zebrafish were sensitive to methocychlor (MXC) than female when 
short-term exposure was tested. These studies suggested that using adult fish as tested organisms 
would fulfill the informations regarding reproduction, effects on next generations or long-term 
effects. By examining different life stages of the test species, insight into differential responses 
over the life cycle to xenobiotics and the biological consequences of these responses can be 
determined. 
To date biochemical markers have been well characterized as sublethal responses to 
toxicants in aquatic animals (Timbrell 1998). However there are few investigations on genetic or 
molecular markers in ecotoxicology and there are no reports on native Australian fish. 
Specific proteins that have served as biomarkers include enzymes involved in 
detoxification (Peakall, 1992; Lagadic, 2000) and enzymes controlling the metabolism and 
excretion of the xenochemicals (Sueyoshi and Negishi, 2001; de la Torre et al., 2005).These 
proteins include metallothioneins (Chan, 1995; Viarengo et al., 1999; dos Santos Carvalho et al., 
2004), cytochrome P450 enzymes (Mahy et al., 1998; Colombo et al., 2003), stress proteins  
such as heat shock proteins (HSPs), superoxide dismutase (SOD) and xanthine oxidase (XOD) 
(Sanders and Martin, 1993; Triebskorn et al., 2002; Pandey et al., 2003), and antioxidant 
defense pathways such as glutathione S-transferase, catalase and glutathione (Kaiser, 2001; 
Ahmad et al., 2004; Santos et al., 2004). These biomarkers will be explained further in next 
sections. 
Another class of proteins that have been used as biomarkers are proteins involved in fish 
reproductions or early embryonic development. Included in this class are vitellogenin (Giesy et 
al., 2003; Ma et al., 2005), egg proteins (Berg et al., 2004) and a variety of cellular receptors 
such as estrogen receptors, steroidogenic factor-1 (Drean et al., 1996), constitutive androstane 
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receptor (CAR), pregnelone X receptor (PXR/SXR) and peroxisome proliferator activated 
receptor (PPAR) (Palut et al., 2002), testicular receptors (TR2 ) and TR4 orphan receptor (Lee et 
al., 2002b). The most studied receptors are the thyroid hormone receptors and the estrogen 
receptor (Deane and Woo, 2003; Schmieder et al., 2004).  
1.2.1 Metallothionein 
One of the biochemical responses that occur in organisms in response to toxicants is the 
induction of the biosynthesis of new proteins. Metallothioneins (MTs) are a classical example 
class of protein that are induced by pollutants or toxicants, in this case heavy metals (Chan, 
1995). The proteins are low molecular weight, 6-7 kDa, cysteine rich, and cytoplasmic metal-
binding proteins (Figure 1.2). It has been widely proposed that these proteins protect cells 
against the toxic effects of metals by chelation (Tom et al., 2004). Metallothioneins are 
produced for detoxification upon exposure to the toxicant (heavy metal) and the intracellular 
levels of these proteins can be directly measured by spectrophotometrically (Viarengo et al., 
1999) or spectrofluorimetrically (Paris-Palacios et al., 2000). The molecular properties and 
knowledge of MTs role in metal uptake, transport, storage and excretion have been reported by 
(Newman and Jagoe, 1996). The role these proteins play in the regulation of endogenous copper 
and zinc levels, their roles in detoxication of heavy metals and other pollutants and the ability to 
scavenge free radicals have been reviewed by Pedrajas et al. (1995). In a more recent review, 
Cheung et al. (2004) reported that MTs may possibly play roles in intracellular homeostasis of 
essential elements and also in the detoxification of non-essential heavy metals.  
Metallothioneins or metallothionein like proteins are found in all higher organisms 
studied to date. Recently, Gonzalez-Guerrero et al. (2007) have identified a full-length 
metallothionein )MT (gene )GintMT 1 ( from extraradical mycelium of a fungi, Glomus 
 10 
intraradices. These authors have suggested that GintMT1 might involve in the regulation of the 
redox status of this speciesThe proteins show extensive amino acid sequence homology in 
organisms as diverse as crabs, mammals and yeast (Hottiger et al., 1994). Within the aquatic 
vertebrates, in particular with teleost fish, there is clear and strong conservation of the amino 
acid sequence as is shown in Table 1.1. This strong conservation of primary structure is highly 
suggestive of conservation of function through evolution particularly with respect to the role of 
MTs in heavy metal metabolism.  
The induction of expression and half-life/retention of MTs has been examined in a wide 
variety of organisms with a wide variety of inducing metals. Roach (Rutilus rutilus) exposed to 
copper were found to have MTs levels that were induced 7 days after exposure (Paris-Palacios et 
al., 2000). Exposure of Mytilus galloprovincialis to 200 µg/L cadmium to test antioxidant 
properties of MTs indicated that these proteins also protect both isolated cells and the entire 
organism from the effects of oxidative stress (Viarengo et al., 1999).  
Table 1.1: Comparison of teleostean MT amino acid sequences (%) 
 Flounder Tilapia Goldfish Common Carp 
Flounder  100 83 77 75 
Tilapia 83 100 80 80 
Goldfish 77 80 100 92 
Common Carp 75 80 92 100 
Stone-loach 82 80 92 97 
Trout-A 83 88 78 78 
Trout-B 83 88 78 77 
Source:  Chan (1995) 
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(A) 
 
(B) 
Figure 1.2: Metallothionein in teleost fish. The protein ribbon structure (A) and Protein 
sequences from some teleost fishes indicating a number of cysteine (C) appeared in the 
sequence.  
Source : http://www.cf.ac.uk/biosi/staff/kille/Lecturers/FishAdaptationslides (20/04/2006) 
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1.2.2 Stress proteins 
Stress proteins provide information on exposure of organisms to toxicants and predict 
adverse consequences of that exposure. Two major stress proteins shown to be biomarkers and 
often  used as indicators of chemical exposure are the heat shock protein 60 (HSP60) and heat 
shock protein 70 (HSP70) (Sanders and Martin, 1993). In wild populations of organisms from 
contaminated sites, the accumulation of these proteins in individuals can be used as an indicator 
of exposure to environmental stress, either physical or chemical  (Pedrajas et al., 1995). 
Another class of general stress proteins that have been used as biomarkers are superoxide 
dismutase (SOD). Superoxide dismutase activity has been reported to increase when animals, in 
this case the gold fish (Carassius auratus), were exposed to Cu(II) (Liu et al., 2005a). In 
contrast it has been shown to be reduced in fish exposed to paraquat (Pedrajas et al., 1995). SOD 
activity was suggested to be a useful early biomarker of oxidative stress caused by transition 
metals or organic xenobiotics (Pedrajas et al., 1995).  
Glucocorticoids, including cortisol and corticosterone, are also known to mediate stress 
responses by binding to the cytosolic glucocorticoid receptor (GR), which in turn acts as a 
ligand-dependent transcription factor to control and regulate gene expression (Gornati et al., 
2005). The study of  Gornati et al. (2005) revealed that rearing sea bass at high density affected 
GR levels with the abundance of GR in the liver decreased with increased blood cortisol levels. 
1.2.3 Enzymes related to the neural system as biomarkers 
The enzyme acetylcholineaseterase (AChE) (Figure1.3) plays an important role in 
neurotransmission. At cholinergic synapses (nerve endings), rapid hydrolysis of the 
neurotransmitter acetylcholine to choline and acetate (Rao, 2006) prevents continuous nerve 
firing which is vital for normal function of the sensory and neuromuscular systems (Payne et al., 
1996). It is inhibited when organisms are exposed to anticholinesterase agents, such as 
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organophosphates and carbamates (Payne et al., 1996). A recent study indicates that this 
biomarker is also sensitive to other environment contaminants including some metals and 
complex mixtures of pollutants as reviewed by (Monteiro et al., 2005). These contaminants were 
mercury, cadmium (Gill et al., 1990), surfactants and detergents (Guihermino et al., 2000), 
paper mill effluent (Payne et al., 1996). The inhibitory effects of organophosphate (OP) 
insecticides depend upon their capacity to bind the AchE active site and by the rate of 
phosphorylation, in relation to the behavior and age of the organisms under examination (Rao, 
2006). When the enzyme is inhibited, the neurotransmitter acetylcholine (ACh) is not 
hydrolysed in nerve synapse ends and in neuromuscular junctions causing accumulation of ACh 
at these sites; this in turn leads to overactivation or hyperactivity, asphyxia, and finally death 
(Roex et al., 2003). A common response of AChE inhibition as a result of acute exposure to 
these chemicals is an elevation in lactate levels, perhaps due to anaerobic metabolism, in turn as 
a result of hyperactivity (Roex et al., 2003). Therefore, alterations in lactate dehydrogenase 
activity (LDH) have been used as a biomarker to indicate exposure to OP compounds (Monteiro 
et al. 2005; Rao 2006).   
There are two homologous groups of cholinesterase (ChE) found in vertebrates; AChE 
and butyrylcholineasterase (BChE or BuChE) (Monteiro et al., 2005). In teleost fish, BchE is 
generally found in serum, but may also contribute to ChE activity in muscle and nerve tissues 
(Sturm et al., 1999). These authors also reported that most teleost fish possess AChE exclusively 
in brain tissues. Freshwater teleosts usually possess AChE exclusively only in axial muscle 
tissues, whereas in most marine teleosts, axial muscle tissue contains both AChE and BChE.  
Other responses as a result of exposure to OPs that have been reported in the literature 
are inhibition of BChE and also inhibition of monooxygenase enzymes (Walker et al., 1996). 
Exposure of Eastern Rainbowfish (Melanotaenia duboulayi) to Profenofos® at a concentration 
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of 10 µg/L has been shown to be neurotoxic as indicated by the inhibition of AChE (Kumar and 
Chapman, 1998). The use of monooxygenases as biomarker systems in aquatic toxicology has 
been well established, particularly ethoxyresorufin O-deethylase (EROD) induction (Walker et 
al., 1996), which has been widely used as a biomarker of exposure to organic chemicals The use 
of monooxygenases as biomarker systems in aquatic toxicology has been well established, 
particularly ethoxyresorufin O-deethylase (EROD) induction (Walker et al., 1996), which has 
been used as a biomarker of exposure to organic chemicals (Minier et al., 2000). Examples of 
these are a complex mixture of 17beta-estradiol, 4-nonylphenol and PCB126 (Vaccaro et al., 
2005), individual standard compounds, benzo ]a [pyrene  )BaP  (and dehydroabietic acid  )DHAA (, 
and a complex mixture, bleached kraft pulp mill effluent  )BKPME ( (Pacheco and Santos, 2002) 
and PCB (Kuzyk et al., 2003). 
 
Figure 1.3: Protein structure of Acetylcholinesterase (AChE). 
Source : http://en.wikipedia.org/wiki/Cholinesterase (20/04/2006) 
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1.2.4 Cytochrome P450s 
Cytochrome P450 enzymes are ubiquitious class of mixed function oxidase enzymes that 
occur in all higher organisms examined to date (Braunbeck et al., 1998). These membrane 
associated, heme containing enzymes usually occur as a multigene family that display several 
regions of quite high amino acid sequence conservation, in particular around the conserved 
heme binding cysteine. The cytochrome P450 enzymes are also called hemoabzymes (Mahy et 
al., 1998) or hemoproteins (Figure 1.4).  
The P450s are classified into family and among the families that have been studied are 
P450 aromatase (Gelinas et al., 1998; Halm et al., 2002), P450 1A1 (Ogino et al., 1999; 
Soimasuo et al., 1998), CYP2B1, CYP2B2, CYP3A2, CYP3A9 and CYP3A23 (Toritsuka et al., 
2001), CYP2M1, CYP2K1 and CYP3A27 (Buhler et al., 2000). Hormonal control and exposure 
to endocrine disrupting chemicals could affect the level of these enzymes in particular at the 
molecular level (Buhler et al., 2000).  
Cytochrome P450 enzyme activities are detected by catalytic rate determination in 
ethoxyresorufin O-deethylase (EROD) activity assay (Gallagher and Di Giulio, 1989; Minier et 
al., 2000). Alternatively cytochrome P450 proteins can be detected immunologically via ELISA, 
western blot, dot or slot blot (Koehler et al., 2004; Desantis et al., 2005). They can also be 
detected at mRNA levels by specific DNA probes (Gelinas et al., 1998) or oligonucleotides via 
northern blot or PCR (Callard et al., 2001; McClain et al., 2003).  
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Figure 1.4: CYP2C5 crystal structure showing active sites and heme group. The figure was 
made using the PyMOL software. 
Source: Schleinkofer et al. (2005) 
 
1.2.5 Reproductive proteins 
Reproductive proteins comprise egg shell (zona radiata protein) and egg yolk proteins.  
In oviparous (egg laying) vertebrates, there are two important processes involved in estrogen 
regulation, i.e. zonagenesis and vitellogenesis, and these are considered crucial for oocyte 
maturation (Arukwe et al., 2001). Zonagenesis is involved in egg shell (zona radiata) 
production, whereas vitellogenesis is involved the production process of vitellogenin (Arukwe et 
al., 2001; Arukwe and Goksoyr, 2003b). 
The egg envelope serves as an interface between the embryo and it’s environment, and 
also as an interface between egg and sperm in reproduction (Arukwe et al., 2002). The major 
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portion of the egg envelope in fish (the inner layer) comprises thre pellucid or vitelline 
membrane, zona pellucida, chorion, eggshell, primary, secondary and tertiary envelope, the zona 
radiata or vitelline envelope (Arukwe et al., 2002). Several reports indicate that zona radiata 
proteins (zrp) are synthesized either in liver or ovary in many female teleost fish in response to 
estrogen stimulation during sexual maturation (Kirby et al., 2003; Desantis et al., 2005). Zrp is 
transported via the blood to the ovaries. Vitellogenin is also synthesised in the liver and is 
transported via the blood and serves as a nutrient source for developing eggs and larvae. 
However, zrp forms the eggshell that prevents polyspermy during fertilization and also provides 
physical protection to the developing embryo (Desantis et al., 2005).  
The level of zrp is known to be altered as a response to endocrine disrupting chemicals 
(Fossi et al., 2002; Knoebl et al., 2004) leading researchers to use this as a biomarker at both the 
level of protein product and also at the transcript level via measurement of mRNA (Brown et al., 
2004a; Brown et al., 2004b).   
The egg yolk protein or vitellogenin is a phospholipoprotein that serves as a precursor for 
egg yolk formation, therefore, it is abundant in female organisms. Vitellogenesis is an important 
step for ovarian development in oviparous species, including fish, since this is a crucial step 
during embryo development. These proteins are tightly regulated under the influence of 
estrogens Wallace (1985) in Peyon et al. (1993) and an outline of the current understanding of 
this regulation is shown in Figure 1.5.  
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Figure 1.5: Vitellogenesis of teleosts. The mechanisms of vitellogenesis are initiated by 
estrogenic effects in oocyte. Vg is enzymatically cleaved into two major yolk proteins, 
lipovitellin and phosvitin.  In addition to the two yolk proteins, the third yolk protein, b’-
component, has been identified in salmon and flounder.  
Source : http://www.geocities.co.jp/CollegeLife/3845/oocyte.gif (20/03/2006) 
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1.3 Endocrine disruptive chemicals (EDCs) 
1.3.1 The mechanisms and general structures: 
Substances that can disrupt the normal function of endocrine system are endocrine 
disrupting chemicals (EDCs). The disruption is explained in 4 different ways (Goksoyr et al., 
2003): 
1) They mimic or partly mimic the natural hormones by binding to hormone receptors 
within the cell and may mediate a signal stronger than that elicited by the natural 
hormone or result in the production of a signal at the wrong development stage.  
2) They have the ability to bind to a receptor within a cell, blocking the endogenous 
hormone from binding to that site or influence cell signaling pathways. 
3) They possess an ability to alter the production and breakdown of natural hormones. 
4) They modify the production and function of hormone receptors.  
The structures of the well known environmental estrogens are shown in Figure 1.6. 
These chemicals potentially pose a hazard on male populations in the wild. Recent work by 
Bayley et al. (2002) working with juvenile guppies (Poecilia reticulata) exposed to the anti-
androgen, vinclozolin and flutamide, found that these chemicals delayed maturation, reduced 
sperm count, inhibited gonopodium development and suppressed courtship development. 
Among the EDCs examined to date have been compounds containing phenolic (aromatic) 
groups, for example 17β-estradiol (E2), but also a variety of pesticides to act in an estrogen 
disruptive fashion. Chatterjee et al. (2001) reported that a carbamate pesticide (Carbofuran: CF) 
at sublethal concentration acted as an anti-estrogenic, endocrine-disrupting agent in fish, 
possibly targeting the pituitary-gonad axis. 
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Figure 1.6: Environmental estrogens from difference sources McLachlan (2001). 
  
1.3.2 Route of endocrine disrupting chemicals contamination 
EDC can be both natural and synthetic materials. Natural substances such as sex hormones or 
phytoestrogens are capable of mimicking estrogen (McLachlan, 2001). They can contaminate 
the environment by becoming concentrated in industrial, agricultural and municipal wastes 
(Bell, 2004). Clotfelter et al. (2004) reviewed that “more than 100 chemicals originating from 
agricultural, industrial and municipal sources are known to interfere with the endocrine systems 
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of animals and thousands more are suspected of having similar effects. Some of these chemicals 
were designed specifically to disrupt normal endocrine function (e.g. pesticides, oral 
contraceptives), but most endocrine-disrupting chemicals produce inadvertent effects in non 
target animals as by-products of other functions”. In some cases a single chemical can have 
multiple effects including reproductive impairment and abnormalities (Bjerselius et al., 2001; 
Toft and Baatrup, 2001), reduced immune function (Ottinger et al., 2005), reduced or abnormal 
growth (Kwak et al., 2001; Rawson et al., 2006), decreased cognitive abilities and increased 
susceptibility to diseases (Clotfelter et al., 2004), and increased mortality (Bell, 2004). The 
EDCs often occur at very low levels in the environment. Toft and Baatrup (2001) reported that 
the natural estrogen, 17β-estradiol could change important sexual characteristics in male 
guppies. The authors did not indicate the exact level of E2 in this work. However, it is now clear 
that they can act synergistically (Kime, 1998) whereby multiple exposures may interact to 
produce effects not seen with single exposure. Moreover, several EDCs have been shown to 
have “low dose effect”, this is where low doses of the compound induce a more profound effect 
than higher doses of the chemical (Markey et al., 2002). The level of this low dose effect in 
Markey et al. (2002) was not stated. However, Bell (2004) demonstrated that and 
environmentally relevant level of 100 ng/L EE2 which had been used in birth control pills and 
post-menopausal hormone replacement therapy could lead the fish to be more susceptible to 
predation. As a result, it would relate to the fitness of the population. In addition, Francois 
(2003) stated that natural hormones (EDC types) existed at low level but accumulation of these 
hormones could be harmful. Clotfelter et al. (2004) reviewed EDCs noting their chemistry 
dictated their lipid solubility leading to their accumulation in the fat of animal tissues. This in 
turn results in their bioaccumulation through the food web.  
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In order to gain better understanding of the biological impact of EDCs, aquatic 
organisms are perhaps the most informative groups to examine. The aquatic environment is 
often the final destination for discharged chemicals resulting from agriculture run-off, industries, 
and human activities (Markey et al., 2002). This notion is supported by the numerous examples 
described by Jobling et al. (2003). Considering the physiology of aquatic organisms, in 
particular fish as EDCs can be absorbed trough their gills and scales and also via ingestion from 
food items. Since they can biomagnify contaminants, fish are potentially useful indicators of 
aquatic environment degradation (Murphy et al., 2005). This is further evidenced by the 
observation that EDCs are known to be capable of altering the hormone levels, reducing fertility 
and fecundity and causing masculinization of female and feminization of males (Jobling et al., 
2003). This gender disruption clearly has an impact upon fecundity and reproduction, and as a 
result population structures may eventually be altered (Gutjahr-Gobell et al., 2006). 
Furthermore, fish carrying high loads of EDCs in their body can deliver the EDCs further along 
the food chain to their consumers, especially to the apex predator, which is generally humans 
(Murphy et al., 2005). This gender distuption in fish can be clearly seen in the change of 
secondary sex characteristics of male fish exposed to EDCs as shown in Figure 1.7. 
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Figure 1.7: Intersex fish. The picture showed both male and female reproductive organs 
(testicular testis and oocyte, respectively). Picture taken from Arukwe and Goksoyr 
(2003b). 
 
In an examination of human EDC intake, Binelli and Provini (2003) reviewed that there 
are several routes for EDC absorption by humans: dermal absorption, air inhalation, and 
ingestion of contaminated soil and consumption of food. They further reported that 90% of the 
total daily intake is from food, and of this, about 90% is normally contained in food from animal 
sources, principally in the fat/lipid tissue (Kime, 1998). Even though it was found that fish and 
seafood represented only about 10% of the human diet, it has been demonstrated that this is one 
of the major routes of the uptake of these contaminants into the human body.  
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1.3.3 Biomarkers of exposure to EDCs 
Estrogenic chemicals and estrogen like pollutants such as nonylphenol are found to be a 
major cause of vitellogenin induction in individuals (Ahel et al., 1993; Kang et al., 2002). 
Vitellogenin (Vtg) is a phospholipoglycoprotein produced in the liver of oviparous vertebrates 
or non-mammalian vertebrates in response to circulating estrogen (Lomax et al., 1998). It is 
released into the bloodstream and transported to the growing oocyte, then is processed to yolk 
protein (Johnsen et al., 1999). Vtg is under the regulation of the endocrine glands. Arukwe and 
Goksoyr (2003b) presented a diagram of endocrine regulation of oogenic proteins as shown in 
Figure 1.8. It was shown that environmental changes such as water temperature and photoperiod 
provide the cues to the central nervous system that trigger the maturation processes. The 
hypothalamus responds by secreting gonadotropin-releasing hormone (GnRH), which stimulates 
the release of gonadotropins (GtHs) from the pituitary that are structurally similar to human 
follicle-stimulating hormone (FSH) and luteinising hormone (LH). These two GtHs are involved 
in vitellogenesis, zonagenesis, oocyte maturation and ovulation. The secretion of GtHs is 
regulated by a feedback mechanism involving 17β-estradiol and testosterone (Arukwe and 
Goksoyr, 2003b). 
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Figure 1.8: The hypothalamus-pituitary-gonadal-liver (HPGL) axis during oogenic protein 
synthesis in female teleosts.  
Source: Arukwe and Goksoyr (2003b)  
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Vitellogenins are normally undetectable in male and immature female fish (Tong et al., 
2004a). In laboratory studies, induction of the protein can be achieved either by injection 
(Bowman et al., 2002) or by aqueous exposure to the xenoestrogens (Foran et al., 2004). Oral 
administration and intraperitoneal injection of estrogenic compound in order to induce the 
protein was used in most of the early studies (Lim et al., 1991 in Tong et al. (2004a)). It has 
been widely known that the steroid estrogens, either natural or synthetic, are responsible for 
vitellogenic responses in fish and furthermore, steroid estrogens are also believed to be 
responsible for feminization of wild fish (Halm et al., 2002). As a result, most of studies 
examining estrogen effects in fish used the steroid estrogen, 17β-estradiol.  
The time course for Vtg induction is dependent upon the route of exposure, dose, and the 
size of the fish exposed. Normally aqueous exposure would take around 14-21 days to show 
biochemical effects, as Halm et al. (2002) reported in the fathead minnows that were exposed to 
17β-estradiol in a continuous flow-though system for 14 days and exhibited an elevation of 
plasma vitellogenin in both sexes. Bowman et al. (2002) reported that following acute exposure 
by intraperitoneal injection of 17β-estradiol into large mouth bass (Micropterus sammonoides) 
that plasma Vtg levels peaked after only 2 days of exposure. Therefore, it was proposed that 
vitellogenin production in male fish could be used as a biological indicator of exposure to 
xenoestrogens (Lomax et. al, 1998). Belt et al. (2003) studied the potential of male zebrafish and 
juvenile rainbow trout as biomarkers of exposure to estrogenic chemicals such as 4-tert-
octylphenol (OP), 17α-ethynylestradiol (EE2), 17β-estradiol (E2), 4-nonylphenol (NP), 
dibutylphtalate (DBP) and bisphenol. It was found that all compounds except DBP were 
estrogenic to both of the fish species.   
The doses suggested to achieve detectable induction of Vtg in teleost fish with estrogenic 
substances, such as E2 and EE2, by intraperitoneal injection are generally known to be 2-5 mg/kg 
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fish (Johnsen et al., 1999; Denslow et al., 2001). However, bigger fish such as Salmo salar may 
require higher doses (10-25 mg/kg fish) (Arukwe et al., 2001). Whereas, the induction by 
aqueous exposure (flow-through system) required 6 ng/L in juvenile Leuciscus idus (Allner et 
al., 1999). A constant exposure that affected protein induction in Sheepshead minnows was 100-
200 ng/L (Bowman et al., 2000). Induction of Vtg in fish could depend upon the size of fish as 
reported by Thompson et al. (2000). They exposed Japanese medaka (Oryzias latipes), sunshine 
bass (Morone saxatalis x Morone chrysops) and channel catfish (Ictalurus punctatus) to aqueous 
concentrations of E2 ranging from 10 to 100,000 ng/L in order to get a vitellogenic response.  
1.4 Limitation of using these proteins as biomarkers 
Biomarkers are useful tools to monitor environmental health as reviewed above. They 
provide both quantitative and qualitative data. Although these proteins have been assayed as 
biomarkers for decades, limitations of proteins as biomarkers found to date include: 
i. Requirement of a large amount of tissues or samples to perform an assay. In a field study 
of biomarkers, adequate samples are usually a constraint as described in Beliaeff and 
Burgeot (2002). They reported that this constraint lead to limitation in data collection thus 
preventing the use of multivariate methods during statistical analysis.    
ii. Time consuming processes in assaying the proteins compared to nucleic acid techniques. 
The determination of proteins in such assays as the enzyme-linked immunosorbent assay 
(ELISA) are usually lengthy procedures to develop, including initially the need to raise a 
primary antibody against the protein (antigen) to be assayed, in particular when 
monoclonal antibody production for a non-model organism is designed (Wunschel et al., 
2005).  Hennies et al. (2003) reported a  method for the purification of vitellogenin by 
combination of ion exchange chromatography and size exclusion chromatography. They 
then used the purified Vtg as the antigen for antibody production to develop an ELISA for 
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Vtg measurement in carp. However, these authors suggest that Vtg in other species, like 
perch, was not stable and as a result the ELISA technique was not applicable. Moreover, 
the development of an ELISA is not necessarily a straight forward procedure, often 
requiring numerous purification and optimization steps as shown in Parks et al. (1999). 
iii. Specific for one or a few proteins only at a time in detection methods such as HPLC or 
ELISA. Li et al. (2004) used reversed HPLC to determine conjugated bile acids in sera of 
patients.  Wunschel et al. (2005) employed HPLC combined with mass spectrometry to 
measure and confirm the identity of Vtg from plasma of the fathead minnow (Pimephales 
promelas). However these are resource intensive, lengthy analytical techniques. 
iv. Not easily transferred between species. Application of a protein measurement technique 
developed for one species is not necessarily readily applicable to other species.  
v. Sensitivity of the assay (detection limits). Recently, Mitani et al. (2003) reported that 
limit quantification of bisphenol A (BPA), alkylphenols and phthalates were 1-10 ng/mL 
by on-line in-tube solid-phase microextraction coupled with high performance liquid 
chromatography (in-tube SPME/HPLC) with UV detection. The sensitivity of this 
conventional method has been considered less than the Polymerase Chain Reaction based 
method, which could detect based on molecular basis of the target nucleic acid present in 
the sample as discussed in Reischl and Kochanowski (1995). Therefore the nucleic acid 
based method could yield an early signal for environmental monitoring. Celius et al. 
(2000) used Real-Time PCR techniques and ELISA to quantify the induction of estrogen 
responsive genes (zona radiata and Vtg) and proteins in rainbow trout (Oncorhycus 
mykiss) exposed to estrogenic compounds. At low levels of the compounds (0.1 mg E2/kg 
fish), it was found that Real-Time PCR could detect the induction of these genes, making 
this a sensitive method. 
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vi. Cost effectiveness. An example of this limitation could be found in high performance 
liquid chromatography (HPLC). It was reported by Fledelius et al. (1994) that HPLC had 
limitations in complicated procedures and as a result made it inconvenient, expensive, and 
time-consuming. A recent example from Zur et al. (2002) reported of comparative 
evaluation of HPLC and PCR assays for the detection of Alternaria fungal contamination 
in grain. Their results suggested that PCR assay not only provide a better sensitivity in 
detection, but also enables rapid and simultaneous testing of many samples at low cost. 
1.5 Molecular markers  
1.5.1 Selective genes as biomarkers for ecotoxicology purposes 
Monitoring of xenobiotic exposure by measuring the expressions of one or a few genes 
can be achieved using polymerase chain reaction (PCR)-based experiments. These experiments 
rely on determination of the gene sequence from the gene under study and the use of mRNA 
from the organ or tissue of the organism being examined. Many studies have included three 
biomarkers, cytochrome P450s, metallothionein and vitellogenin.  
The cytochrome P450 (CYP) monooxygenase system is involved in the phase I (usually 
oxidative and functional step) biotransformation process (Hylland et al., 2003). Lawrence et al. 
(2003) in Hylland et al. (2003) explained that the induction response of cytochrome P450 genes 
was initiated by chemical stimulants resulting in an increasing in the rate of gene transcription 
and newly synthesizing of cytochrome P450 proteins. Post-translational modification processes 
including heme insertion and folding occurred subsequently to finally result in the catalytically 
active enzyme. The induction of the isozymes in P450 gene superfamily has been examined by 
specific hormonal or chemical compound stimulation. In fish, the regulation of some groups of 
P450 genes/proteins are under hormonal control, especially estrogen and androgen hormones, 
for example  CYP2K1, CYP2M1 (Buhler et al., 2000), P450 aromatase (Gelinas et al., 1998), 
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CYP 19s (Callard et al., 2001; Gardner et al., 2005). Others P450s genes/proteins have been 
induced in response to chemicals for example, beta-naphthoflavone (Arukwe, 2002), 
benzo(a)pyrene (B(a)P), 3-methylcholanthrene (3MC) and 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD) (Colombo et al. 2003) are CYP1A inducing compounds. Ogino et al. (1999) have 
explained the structure of CYP1A1, suggesting that this enzyme possesses two important 
regulatory elements, a xenobiotic-responsive element (XRE) and an estrogen responsive element 
(ERE) in eel (Anguilla japonica). Other researchers have found that in fish such as Japanese 
medaka (Orysias latipes), the CYP1A gene has 6 XREs and four metal responsive elements 
(MRE) that may affect its metal exposure (Kim et al., 2004). This could make CYP1A1 
inducible by a variety of chemicals and environmental stressors. 
Metallothionein has been widely studied and, as mentioned earlier, can be detected both at 
the protein level and molecular level. Isolation of the metallothionein gene has been reported in 
many species ranging from plants (Roosens et al., 2005), molluscs (Butler and Roesijadi, 2001; 
Rebelo et al., 2003), mice (Lee et al., 1999), and even humans (Weinlich et al., 2006). With 
regard to aquatic ecotoxicological studies, metallothionein gene expression has been used to 
examine sublethal exposure to metal ions in fish (Cheung et al., 2004). Further examples are 
reported by (McClain et al., 2003) using metallothionein mRNA in rainbow trout as an indicator 
for cadmium contamination.  
The use of Vtg as a molecular marker to study changes in gene expression has been 
investigated by exogenous 17β- estradiol treatment in male fish (Bowman et al., 2002, Halm et 
al., 2002; Hemmer et al., 2002). Even though male fish do not produce Vtg, they respond to the 
treatment by increased production and secretion of Vtg from the liver (Funkenstein et al., 2000). 
This provides a useful model for studying estrogenic expression in fish. The expression of Vtg 
mRNA has been extensively studied in bony fish  using quantitative RT-PCR (Knoebl et al., 
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2004), northern blot analysis, Differential Display PCR (DD-PCR) (Denslow et al. 2004), and 
gene array (Larkin et al., 2002). These investigations  all demonstrate that vitellogenin mRNA is 
a sensitive marker in fish for monitoring endocrine disrupters in the environment (Tong et al., 
2004a).  
1.5.2 Advances in molecular markers 
The development of biomarkers provides valuable insight into cause and effect in 
environmental pollution. It has been proved critical to effective biomonitoring. Despite the 
limitations, biochemical changes have been used for several decades as tools to measure effects 
of xenobiotics in biomonitoring studies. In order to overcome some of the constraints of 
biochemical markers, gene specific expression measurement can be used to evaluate 
mechanisms of xenobiotic exposure (Bowman and Denslow, 1999). Gene expression profiles 
have been termed “early warning indicators that respond before measurable effects on individual 
and populations” (Forbes et al., 2006). 
Advanced approaches utilized to monitor gene, protein and metabolic expression are 
DNA array-based technologies, proteomics and metabonomics/metabolomics (Miracle and 
Ankley, 2005). The application of gene expression profiling to toxicology has been termed 
“Toxicogenomics” (Orphanides, 2003). Prior to this studies were termed functional genomics, 
transcript profiling, proteomics and metabonomics (Pennie et al., 2001).  These studies are 
based upon the premise that gene expression changes induced by chemical exposure will 
provide a means of predicting the mechanisms of toxicity more rapidly (Orphanides, 2003). 
Toxicogenomics promises significant advances in toxicology studies which include:  
- More detailed appreciation of molecular mechanisms of toxicity. 
- Faster screens for substance toxicity. 
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- Enhanced extrapolation between experimental animals and humans in the context of 
risk assessment (Orphanides, 2003).  
As these studies have evolved, Snape et al. (2004) propose the term ‘ecotoxicogenomics’ 
to describe the integration of genomic-based science into ecotoxicology. Among the advantages 
of the recently developed gene expression technologies is the ability of DNA microarray which 
allows a researcher to assess simultaneous gene expressions of a large number of genes in a 
single experiment (Xiang and Chen, 2000). These microarray technologies have become widely 
used in pathology, pharmacology, oncology, cell biology and toxicology (Miracle and Ankley, 
2005). Zebrafish cDNA microarray has been commercially available and recently, an ecoarray 
of the fathead minnow.  
However, the emergence and expansion of microarray technologies is somewhat limited 
in that array studies are confined to only a few genome studies (Snape et al., 2004), with few 
chips commercialized. In particular the only chips from aquatic animals commercially available 
are zebrafish (Danio rerio), African clawed frong (Xenopus laevis) (http://www.affymetrix.com) 
and recently, an ecoarray of the fathead minnow (Pimaphales promelas) (http://www.ecoarray. 
com). These fish would be also be good models to study ecotoxicology. However, these fish 
belongs to family Cyprinidae, whereas the rainbowfish are Melanotaeniidae and are indigenous 
species in Australia. The gene chip of this species would be beneficial for toxicity studies since 
the fish has been extensively used as testing animals in Australia. Moreover, to purchase a 
commercialized DNA chip would be costly since replicates are required in an experiment. 
Therefore, custom made DNA chip (from the rainbowfish) would be an option. 
1.5.3 Molecular markers  in fish in an ecotoxicological context  
The application of fish for toxicology was reviewed by Miracle and Ankley (2005). In 
the US and Europe, salmonids such as the rainbow trout (Oncorhynchus mykiss) are the main 
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species used in both toxicological and physiological research, as they are ecologically and 
economically relevant. The common carp (Cyprinus carpio) and gold fish (Carassius auratus) 
are widely used for the same purposes in Japan. Futhermore, utilization of smaller aquarium 
species such as Japanese medaka (Oryzias latipes), fathead minnow (Pimephales promelas) and 
zebrafish (Danio rerio) are increasingly common due to  the advantages over the former group 
in terms of their body size and life-cycle duration.  
Other small species selected for use as test organisms in screening of environmental 
toxicology purposes are mosquitofishes (Gambusia spp.). A number of studies that have used 
mosquitofish have been published (El Bouhali et al., 2001; Tolar et al., 2001; Castro et al., 
2004; Bradford et al., 2005; Rawson et al., 2006). All these investigators used this small fish to 
examine biomarkers of xenobiotics exposures. (Rendon-von Osten et al. (2005) investigated  a 
mosquitofish (Gambusia yucatana)  in the Yucatan peninsula of Mexico. This species occurs 
widely in small streams of the peninsula. These authors then proposed that this fish would be a 
suitable organism for use as a regional bioindicator of environmental contamination. Since it has 
capability to be maintained in captivity in a laboratory environment, the fish has been used as a 
model for toxicity studies. A recent laboratory investigation of the mosquitofish (Gambusia 
affininis) as an indicator for  endocrine disruptng chemicals is reported by Leusch et al. (2005). 
In this study, fish were exposed to 17β-estradiol and vitellogenin mRNA was detected and 
quantified using the Real-Time PCR technique.  
Biomarker studies in Australia have used a variety aquatic animals, in particular fish, as 
model organisms based on their biochemical response to the xenobiotics tested (reviewed in 
Mondon et al. (2001). Native species are of particular interest since many of their habitats are 
under threat due to human activities within the catchments and their numbers have declined 
dramatically since settlement (Harford et al., 2005). Furthermore, there are a few 
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ecotoxicological studies using these native Australian fish. There are some examples of 
biomarker studies in these native species as detail followed. 
The greenback flounder (Rhombosolia tapirina) is a benthic fish found in Australian 
estuarine and coastal marine waters. Due to its distribution, from southern Western Australia to 
southern New South Wales, Tasmania and New Zealand, and its mode of living, it is a suitable 
bioindicator for assessment and monitoring of sediment contamination in these areas (Mondon 
et al., 2001). In Mondon et al. 2001, the mixed function oxygenase enzyme activities were 
examined in the greenback flounder to monitor environmental contaminants in Tasmania. 
In Perth, an attempt to establish a model organism to monitor the Swan-Canning estuary 
has been made by Webb and Gagnon (2002). Four indigenous species, which were the Perth 
herring (Nematalosa vlaminghi), sea mullet (Mugil cephalus), yellowtail trumpeter (Amniataba 
caudavittata) and black bream (Acanthopagrus butcheri), were exposed to 3,3’,4,4’,5-
pentachlorobiphenyl (PCB-126). Among these species, the black bream was proposed as 
suitable bioindicator for monitoring the health of the Swan-Canning estuary when using EROD 
induction as a biomarker. 
Australian native fishes from the Murray-Darling basin that have been used to examine 
the immunotoxicity of pesticides are Murray cod (Maccullochella peelii peelii), silver perch 
(Bidyanus bidyanus), golden perch (Macquaria ambigua) and Crimson-spotted rainbowfish 
(Melanotaenia fluviatilis) (Harford et al., 2005). Lancaster et al. (2003) and Baily et al. (2005) 
have used Murray cod for histopathological studies. Another fish from the Murray-Darling 
basin, the rainbowfish (Melanotaenia spp.) have been widely used as bioindicators in Australian 
laboratories as described in the next section.  To date, a study of molecular markers of exposure 
to toxicants has not been established in these Australian native fishes.  
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1.6 The Rainbowfish  
1.6.1 Fish taxonomy  
The rainbowfish (Melanotaenia fluviatilis Castlenau, 1878) is a native Australian teleost 
(bony fish) (Humphries et al., 2002) and belongs to order Artheriniformes, class Actinopterygii, 
family Melanotaeniidae. Within this family, there are seven recognized genera; Chilatherina, 
Glossolepis, Pelangia, Cairnsichthys, Rhadinocentrus, Iriatherina and Melanotaenia (McGuigan 
et al., 2000). Crowley et al. (1986) used evidence from morphology and allozymes to identify 
M. fluviatilis from M. doublayi. M. fluviatilis is commonly known as the Crimson-spotted 
rainbowfish.   
1.6.2 The habitat and distribution of Crimson-spotted rainbowfish.  
Crimson-spotted rainbowfish are attractive, tropical freshwater fish. They are normally 
small in size with variation of bright colour. The species M. fluviatilis (Castlenau, 1878) can be 
identified by red spots on both operculi, and a bright silver-blue body. Like most other riverine 
fish, it is found in inundated floodplain environments, backwaters and still littoral zones, all of 
which provide refuge from water velocity and from predators and that are suitable environments 
for spawning and nursing (King, 2004).   
Crimson-spotted rainbowfish are found in the islands of New Guinea and also occur 
generally in northern Australia, eastern coastal drainages south to the Hastings River and in 
much of the Murray-Darling system (McGuigan et al., 2000). The Murray-Darling basin covers 
about one-seventh of the continent of Australia (Humphries et al., 2002) and as such serves as 
home to a small group of natives fishes as shown in Figure 1.9.  
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Figure 1.9: The Murray-Darling basin of Australia is located in yellow area.  
Source: http://www.mdbc.gov.au/rmw/river_murray_system (15/06/2006) 
 
The optimum temperature for rainbowfish is 25-27oC. Total hardness, conductivity and 
dissolved oxygen at 200-210 mg/L, 100-110 µS/cm, and 8-9 mg/L, respectively, are found 
suitable for them (Robertson, 1992). The fish are carnivorous, feeding on zooplankton and their 
maximum length is 10 cm (Fisheries, 2005).  
Male rainbowfish are bright in colour with a broad body (Figure 1.10). The dorsal fin has 
two sections; the first section is longer than the other and has a blackened trim. The caudal fin 
has bright coloured pigments. Female rainbowfish, on the other hand, are slim and less 
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colourful. Mature fish (3-4 months old) lay eggs, which remain attached to water plants. The 
eggs take around 7-10 days to hatch and hatchlings will feed on microscopic plankton.  
 
 
Figure 1.10: Adult M. fluviatilis (Castlenau, 1878) male and female that used as 
broodstock. The male Rainbowfish is in the front and female is at the back. The fish are 
one year old (7 cm total length).  
 
1.6.3 Utilization of the Rainbowfish as a bioindicator of exposure to toxicants  
Rainbowfish of the genus Melanotaenia have been widely used as a laboratory testing 
organism. Since it was found that these fish are predators of mosquitos, it has become clear that 
they play an important role in maintaining ecological balance (Brown et al., 2002). Futhermore 
reports that the genus Melanotaeniidae were one of Australia’s most threatened native 
freshwater fishes. (Ingram et al., 1990) have made it a genus of great interest to conservationists 
and freshwater ecologists. Rainbowfish are sexually dimorphic, with males and females usually 
distinguishable, which makes them useful for testing toxicants or pollutants that affect only one 
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sex of the species, or toxicants that affect the sexes in a differential manner. Included in this 
class of toxicant are endocrine discrupting chemicals.  
Rainbowfish have also been utilized for ecotoxicological studies because they are able to 
breed in captivity and all stages of the life cycle can be used to examine the effects of toxicants 
and pollutants. As indicated in the Table 1.2, a large number of studies have used a variety of 
life/developmental stages to examine the toxic effects of a number of different agents and a 
number of different exposure methods or modes. 
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Table 1.2: Summary of ecotoxicological studies carried out using the rainbowfish. 
Group Species/life 
stage tested 
Exposure method Results References 
Pesticides/Insecticides 
1. Temephos, 
Pirimiphos-ethyl, 
Methoprene, 
Pyriproxyfen 
M. duboulayi 
/juveniles 
1-h pulse exposure Temephos and pirimiphos-methyl 
were found to be toxic to 
juveniles. 
Brown et al. (2002) 
2. Esfenvalerate M. fluviatilis 
/larvae 
1-h pulse exposure The eggs of the fish were not 
sensitive to esfenvalerate. The 
pesticide was highly toxic to 
larvae less than one week. There 
was a significant negative 
correlation between weight-
specific respiration rate and the 
toxicity of the pesticide. 
Barry et al. (1995b) 
Endosulfan M. fluviatilis 
/larvae 
Sublethal effects A number of deformed larvae 
were found.  
Barry et al. (1995a) 
3. Cyanazine and M. fluviatilis Pulse exposure Rainbowfish are moderately Reid et al. (1995) 
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Malathion /larvae sensitive to cyanazine and 
malathion. Short-term exposure to 
these chemicals is not likely to 
cause significant impact on the 
fish populations. 
4. Profenofos  M. duboulayi 
/unknown 
Pulse exposure Inhibition of acetylcholinesterase 
activity in fish head. 
Kumar and Chapman 
(1998) 
Hydrocarbons 
1. Crude oil and 
dispersed crude oil 
M. fluviatilis 
/eggs, larvae and 
adults 
Acute toxicity test There were no changes to egg 
production, hatchability or larval 
lengths. Acute exposure resulted 
in development abnormalities, 
pericardial edema, disturbed axis 
formation and abnormal jaw 
development. 
Pollino and Holdway 
(2002) 
Heavy metals 
1. Copper  M. nigrans 
/adults 
Acute toxicity test Wild fish population exposed to 
elevated copper concentrations 
resulting in copper tolerance.  
Gale et al. (2003) 
2. Cadmium and zinc M. fluviatilis Acute toxicity test Both metals had impacts on Williams and 
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/eggs and larvae percentage hatch and spinal 
deformities. Larvae were 
significantly more sensitive to 
cadmium than zinc. 
Holdway (2000) 
Other toxicants 
1. Diethylelnetriamine 
Pentaacetic Acid 
(DTPA) 
M. fluviatilis 
/adults 
Acute toxicity test Inhibition of ethoxyresorufin O-
deethylase (EROD) activity of 
adult female. 
van Dam et al. (1999) 
2. Pulp and paper mill 
effluent  
M. fluviatilis 
/embryo and 
larvae 
Acute and sub-
chronic toxicity  
The effluents were non-toxic to 
the fish. 
Holdway (1996) 
3. Microcystin M. duboulayi 
/unknown 
Acute  The fish respiratory system was 
unaffected by short-term exposure 
to microcystin or other 
biologically active compounds 
produced by M. aeruginosa. 
Johnston (1994) 
4. Salinity tolerance M. splendida 
/adults 
Sublethal effects Salinity tolerance was found in 
adult fish. 
Williams and 
Williams (1991) 
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1.6.4 Studies of the genome of Melanotaenia 
Despite its significance as a toxicological model in Australia there is limited 
information available about the genome or individual gene sequences in rainbowfish. There 
are only 146 entries for the entire genus Melanotaenia in the NCBI database as of 15/06/2006. 
Included amongst these entries, there are only 3 sequences from M. fluviatilis, with most of 
the research involving cytochrome b gene for fish taxonomy. Table 1.3 indicates only a few 
genes have been studied in Melanotaenia fluviatilis. This lack of DNA sequences available 
for M. fluviatilis in publicly databases poses a significant hurdle in any attempts to use 
genomic or molecular markers of gene expression to apply to ecotoxicological research using 
this fish. 
Table 1.3: List of genes studied in Melanotaenia fluviatilis. 
Gene Entry Accession number 
DEAD box RNA helicase Vasa mRNA 
complete cds 
1 AF479824 
Mitochondrial tRNA-Pro gene (partial) and 
D-loop (partial), country Australia 
1 AJ400670 
Mitochondrial partial subunit B gene (cyb 
gene), exon1, various isolate 
1 AJ401676 
Source: NCBI database (http://www.ncbi.nlm.nih.org, 05/06/2006) 
 
1.6.5 Approaches to study the genome of a non-model organism. 
In order to embark on a project seeking to use gene expression analysis to monitor 
toxicological effects, the first requirement is a collection of gene sequences from the genome 
of the organism under study. In the case of M. fluviatilis, there is a need as a first step to 
isolate a battery of such gene sequences. There are several approaches that can be taken to 
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collect this data, including cDNA libray construction, high throughput sequence analysis of 
clones generating express sequence tags (ESTs), PCR using either specific or redundant 
primers or non-specifc (or random) primers, with each of these approaches having their own 
set of advantages and disadvantages. 
The approach outlined in this thesis is one that has involved the construction of a 
cDNA library from the liver of M. fluviatilis and then the subsequent DNA sequence analysis 
of a number of randomly sequenced cDNA clones. From this work, several genes were 
identified for potential use in ecotoxicology studies and the thesis then focussed on the 
potential use of vitellogenin as a molecular marker of toxicant effects in M. fluviatilis. This 
thesis reports for the first time, gene sequences for a number of M. fluviatilis genes and then 
uses vitellogenin gene expression and in vivo Vtg protein levels as indicative tools for 
examining estrogen exposed male fish, in order to use this method for estrogenic chemicals in 
ecotoxicological studies.  
1.7 General objective 
The objective of this research program was to investigate the genome of the crimson-
spotted rainbow fish and identify molecular markers which could be used to investigate 
exposure to xenobiotics.  
1.8 The specific objectives 
• To construct a cDNA library by surveying the rainbowfish genome to potentially 
identify genes of importance in ecotoxicology.  
• To use PCR amplification techniques and investigate the genes identified as useful 
for ecotoxicological research for use as molecular markers of exposure. 
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Chapter 2 General material and methods 
2.1 Fish preparation and maintenance 
2.1.1 Source of the fish and husbandry 
Fish for original laboratory stocks were collected from the Murray River, Victoria, 
Australia in 1990. The stock has since been bred in captivity and utilized as a model species 
for ecotoxicology studies at the Royal Melbourne Institute of Technology, Melbourne, 
Australia.   
Fish were kept in glass aquaria at 10 fish per 60 L supplied with oxygenation and a 
heater set at 27-29oC and flow-through carbon-filtered Melbourne tap water into each tank. 
2.1.2 Food  
Brine shrimp (Artemia salina) hatchlings were fed to the fish once daily. The brine 
shrimp cysts (Inve, Thailand) were hatched in 1 litre of salt water (30-40 ppt) by adding 
cooking salt to filtered tap water. Brine shrimp larvae were harvested 30-48 hours after 
hatching. The live feed was equally distributed to each aquarium (about 30 mL per tank). 
Additionally, a pinch of commercial flake food was given to each aquarium twice daily 
(Robertson, 1992).  
2.1.3 Water quality  
 Water temperature was maintained at 27-29 oC throughout the experiment. The 
dissolved oxygen, pH, temperature and conductivity were measured before starting and after 
termination of experiments using TPS hand held water quality meters (TPS#WP-81 and 
TPS#WP-91, Australia).  
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2.2 Exposure of 17β-estradiol 
2.2.1 Determination of doses 
Doses of 17β-estradiol were administered by intraperitoneal injection into the fish 
weighing 2-10 g at either 2 or 5 µg/g. Based on a study by Kroll (2004 personal contact), it 
was suggested that the small fish be injected with volumes of 10-50 µl per fish 
(approximately 0.01 mL/g fish weight). . A workable dosage volume to be delivered to the 
small sized fish used in this experiment was tested by injecting a few fish with corn oil at 
0.01, 0.02 and 0.05 mL/g fish. Fish injected with 0.02 and 0.05 mL/g fish died in few minutes 
after injection suggesting that the volume of solution to be used should be as minimum as 
0.01 mL/g fish. Therefore, the working solutions that suited the small sized fish used in this 
experiment was 0.2 mg/mL and 0.5 mg/mL for dose 1 (2 µg/g fish) and dose 2 (5 µg/g fish), 
respectively.Table 1 describes injection volume for fish for each dose which were calculated 
from Equation 2.1 (Rottmann et al., 1991): 
 
Volume of injection = Recommended dosage (µg/g) x Weight of fish (g) 
Solution concentration (mg/mL) 
Equation 2. 1 
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Table 2.1: The volume of injection (mL/g body weight) according to working solution 
and doses. 
Working solution (mg/mL) Dose 
0.5 0.25 0.2 0.1 0.05 
2 µg/g body 
weight  
0.004 0.008 0.01 0.02 0.04 
5 µg/g body 
weight  
0.01 0.02 0.025 0.05 0.1 
 
The working solutions that suited the small size fish (2-10 g) used in this study were 
0.2 mg/mL and 0.5 mg/mL for dose 1 (2 µg/g) and dose 2 (5 µg/g), respectively.  
2.2.2 Preparation of 17β-estradiol 
A stock solution of 1 mg/mL of 17β-estradiol (Sigma, U.S.A.) was prepared by 
dissolving 10 mg of the chemical into 10 mL of absolute ethanol (Sigma, U.S.A.). The stock 
solution was prepared in a 10 mL glass volumetric flask and stored in a dark bottle in a 
refrigerator (4oC).  
The working solutions were freshly prepared by mixing the stock solution with corn 
oil (Sigma, U.S.A.) to a final volume of 10 mL, followed by vortexing in order to mix 
thoroughly.  
2.2.3 Intraperitoneal injection 
The fish were placed into anaesthetic solution (30 ppm 3-aminobenzoic acid ethyl ester 
(MS-222)) for 5-10 minutes before weighing individually. For weight measurements, a small 
amount of water was put in a plastic container to cover the operculum of the fish, then fish 
were individually weighted to 2 decimal places.  Injections were carried out using sterile 1 
mL syringes and 26-gauge needles. Fish were placed onto a moistened paper towel and the 
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needle was inserted at the base of the pectoral fin at a low angle so that the needle would not 
injure the internal organs of the fish as shown in Figure 2.1.  
 
Figure 2.1: The 17β-estradiol exposure of the fish by intraperitoneal injection. 
2.2.4 Sample collection 
Fish samples were collected at pre-determined time intervals after exposure (12, 24, 
48, and 96 hours). The control group injected with corn oil was sampled at 96 hours, and the 
control group without injection was sampled at 0 hour. Each group of fish was harvested 
using a scoop net and placed into anaesthetic solution (30 ppm MS-222). Fish were sacrificed 
for collection of livers by abdominal dissection. The livers were placed into individual clean 
centrifuge tubes (1.5 mL) and were immediately dropped into liquid nitrogen. The livers were 
kept at –80oC for further analysis. Blood samples were collected from the caudal fin as 
described in Chapter 5. Total RNA was extracted and subsequent analyses were performed 
according to methodology stated in Chapter 3 and 4. 
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Chapter 3 Construction of cDNA library 
3.1 Introduction  
The study of molecular markers in fish species is relatively well established in many 
commercial species, in particular salmonids such as the rainbow trout are intensively studied 
in Europe and North America (Hutchinson et al., 2006). Some small size fish species such as 
Japanese medaka (Oryzias latipes) and zebrafish (Danio rerio) have been studied widely in 
Asia and increasingly used in Europe and USA, whereas research focusing on minnows 
(Pimephale promelas) is typically from USA. Collectively, these studies suggest that these 
fish are good bioindicators for toxicant contamination in water bodies.  
The rainbowfish (Melanotaenia fluviatilis) is one of the native species that has been 
used as a model for in vivo research involving xenochemical testing at biomarker or protein 
level. In the past decade, molecular techniques have emerged and have become more popular. 
These techniques have been applied to many disciplines, including ecotoxicology, because 
they are sensitive, reproducible and rapid. In order to apply molecular techniques to the study 
of Melanotaenia fluviatilis, the first step requires the development of a set of DNA probes to 
be used to detect molecular markers of toxicant exposure.  
This Chapter describes the steps taken towards the establishment of a set of DNA 
based probes from M. fluviatilis. The first stage is the construction of a cDNA library using as 
a template the total RNA isolated from the liver of normal untreated M. fluviatilis. A random 
sample of cDNA clones was then subjected to DNA sequence analysis and subsequently these 
sequences were compared to the publicly available databases to identify a subset of the M. 
fluviatilis genome. In order to increase the probability of isolating genes that could be used as 
biomarkers such as metallothionein, thyroid hormone receptors and cytochrome P450s, 
degenerate primers were designed from the amino acid alignments for these proteins. PCR 
using these primers and the cDNA as template was then performed, with products of these 
amplifications cloned and analysed by DNA sequencing.  
 49 
3.2 Materials and Methods 
3.2.1 Total RNA extraction 
The procedure of total RNA extraction was predominantly followed instruction 
provided with RNeasy Midi Kit (#75142, Qiagen, Australia). Some alterations regarding 
centrifugation were made as described below.  
Three frozen fish livers were combined in a clean centrifuge tube (#629924284, 
Sarstedt, australia)  containing 4 mL buffer RLT and homogenized using a hand held 
homogenizer with N25 probe (Ratek, Australia).  The cell lysate was kept at –80oC until 
ready for extraction. The lysate was thawed in an ice bath and subsequently placed into a 
37oC water bath for 15-20 minutes to remove salt.  
The cell lysate was centrifuged at 6687 rpm for 10 minutes. Only supernatant was 
transferred into a clean centrifuge tube. Then 2 mL of 70% (v:v) analytical grade ethanol 
(Sigma, U.S.A.) was added and mixed by vortexing. This sample mixture was added to the 
column then centrifuged at 6687 for 7 minutes. The flow through was discarded. 
A total of 2 mL of buffer RW1 was added to the column and it was centrifuged at 
5000x g for 6 minutes. DNase treatment was applied to the column. A total of 20 µL DNase 
(RNase-Free DNase set #79254, Qiagen, Australia) and 140 µL of the buffer were mixed 
before loading onto the centre of the membrane in the column. The DNase treatment was 
performed for 20 minutes at room temperature followed by adding 2 mL RW1 buffer, 
standing for 5 minutes and centrifuging at 5,200x g for 7 minutes. Buffer RPE, 2.5 mL was 
added and the column centrifuged twice to remove unwanted products and ethanol in the 
flow-through.  
Finally, the RNA isolated on the silica gel membrane was eluted by adding 250 µL of 
RNase-free water supplied by the manufacturer. This step was repeated with the first elution 
to increase the final concentration of RNA.  
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 The total RNA sample was diluted 1/100 in an eppendorf tube and quantified 
spectrophotometrically at wavelength 260 nm and 280 nm in a spectrophotometer (Varian 
Cary50BioTM, UV-visible spectrophotometer). The yield of total RNA (µg/mL) was 
calculated from absorbance at 260 nm according to Qiagen’s RNeasy Midi Kit manual. The 
total RNA was kept at –70oC for further analysis. 
3.2.2 Details of primers used in cDNA construction 
Primers used for cDNA construction comprised of SMART II Oligo Nucleotide, CDS, 
T7 and SP6 primer. All primers were synthesized by GenesWorks (Australia) according to 
sequence details in Clonetech’s manual. Table 3.1 lists the sequence details of primers used. 
Table 3.1: Details of primers manufactured by GenesWorks. 
Primer 5’-3’ Protocol 
SMART II 
Oligonucleotide 
AAGCAGTGGTAACAACGCAGAGTACGCGGG Clontech 
CDS AAGCAGTGGTAACAACGCAGAGTACT(30)N-1N Clontech 
T7 TAATACGACTCACTATAGGG GeneWorks 
SP6 TATTTAGGTGACACTATAG GeneWorks 
PCR AAGCAGTGGTAACAACGCAGAGT Clontech 
Note:  N means A, C, T or G 
 N
-1 means A, G or C 
 The underlined bases are recognition sites for the restriction enzyme, RsaI  
3.2.3 First strand synthesis 
A total of 1.6 µg of total RNA was reverse transcribed into the first strand cDNA 
using SMART cDNA synthesis kit (#K1051-1, Clontech, Australia). First, 3 µL total RNA 
(equal to 1.6 µg of total RNA measured by spectrophotometrically) was added to a clean 0.2 
mL tube. A volume of 1 µL of 10 µM CDS primer (GenesWorks, Adelaide, Australia) was 
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added followed by 1 µL of 10 uM SMART II Oligonucleotide (GenesWorks, Adelaide, 
Australia). The final volume was 5 µL. The contents were mixed by pipetting. Then the 
reaction tube was spun briefly in a minicentrifuge before incubation at 72oC for 2 minutes in a 
PE2400 Thermal cycler (GeneAmp® PCR system 2400, Perkin-Elmer, U.S.A.). The tube was 
cooled on ice for 2 minutes prior to again concentrating the contents at the bottom by spinning 
briefly.  
A master mixture was prepared for the fist-strand cDNA synthesis. The following 
ingredients were added to the reaction tube: 
2 µL 5X First-Strand Buffer 
1 µL DTT (20 mM) 
1 µL PowerScript™ reverse transcriptase (200 units/µl) 
The contents were mixed gently by pipetting and spun briefly before incubating at 
42oC for 1 hour in PE2400 Thermal cycler. 
The reaction tubes were placed on ice for termination. The first-strand cDNA created 
by this method was stable at -20oC for up to 3 months. 
3.2.4 Double strand synthesis by LD PCR 
The first strand was amplified using Advantage® 2 PCR kit supplied with the SMART 
cDNA synthesis kit (#K1051-1, Clonetech, Australia). A master mixture of a 100 µL total 
volume was prepared by the following components supplied in Advantage® 2 PCR kit 
(#K1910-y): 
80 µL Autoclaved MilliQ water 
10 µL 10x Advantage® 2 PCR Buffer 
2 µL 50x dNTp mix (Invitrogen, Australia) 
4 µL PCR primer (Advantage® 2 PCR kit) 
2 µL 50x Advantage® 2 Polymerase Mix 
2 µL the first-strand cDNA 
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The contents were mixed by vortexing and collected at the bottom by spinning briefly 
in a microcentrifuge.  The following thermal cycling was commenced: 
  95oC  1 minute 
Then 16 cycles of  
  95oC  15 seconds 
  65oC   30 seconds 
  68oC  6 minutes 
Finally, a total of 5 µL of the sample was electrophoresed on a 1% Agarose gel in 
TBE buffer. The gel was stained in Ethidium Bromide for 10 minutes and destained for 10 
minutes before visualizing by UV light box in Gel Doc® 100/200 gel documentation system 
(Bio-Rad Laboratories, USA). The photo was recorded using Quantity One® software (Bio-
Rad Laboratories, USA).  
3.2.5 A-tailing  
The amplified product was subjected to the A-tailing process to create sticky ends for 
the blunt end cDNA product to promote ligation. The following ingredients were added into a 
clean 0.2 mL clear wall PCR tube.  
The cDNA product      18 µL 
10x PCR buffer (Invitrogen, Australia)   3 µL 
10 mM dATP (Invitrogen, Australia)    0.6 µL    
Taq DNA polymerase (5 U/µL) (Invitrogen, Australia) 1  µL 
Nucleic acid free water     7.4 µL 
Total volume       30 µL 
The mixture was incubated at 70oC for 30 minutes in PE2400 thermal cycler. After 
that it was purified using Qiagen PCR purification kit (#28104, Qiagen, Melbourne, 
Australia) following manufacturers instructions. The fresh A-tailed cDNA was used wherever 
possible. However it was stored at –20oC for further ligation reactions as required. 
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3.2.6 Ligation reaction 
A total of 3 µL of A-tailed product was ligated into pGEM®-T easy vector (#A1360, 
Promega, U.S.A.). The A-tailed product was added to a clean microcentrifuge tube (0.5 mL) 
followed by these components: 
 2x Rapid Ligation Buffer (Promega, U.S.A.)  5 µL  
pGEM-T easy vector (Promega, U.S.A.)  1 µL 
 T4 Ligase (Promega, U.S.A.)    1 µL  
 A-tailed cDNA product    3 µL 
 Final volume      10 µL 
The mixture was thoroughly mixed by gentle pipetting. It was then incubated at 4oC 
overnight to maximize the number of transformants.  
3.2.7 Transformation 
Frozen competent cells, E. coli strain JM 109 (#L2001, Promega, U.S.A.), were 
thawed on ice for 5 minutes or until just thawed. A total of 2 µL ligation reaction was 
dispensed into polypropylene round-bottom culture tubes (Falcon® 2059, Becto-Dickinson, 
Australia) pre-chilled on ice. After that, a total of 50 µL of the cells were transferred into the 
Falcon tube using chilled pipette tips.  
The tubes were subsequently mixed by gently flicking for several times. They were 
then returned to ice for 20 minutes. The cells were subjected to heat-shock transformation to 
aid the vectors into cells at exactly 42oC in a water bath for 50 seconds without shaking. 
Tubes were immediately placed on ice for 2 minutes prior to adding 950 µL room temperature 
(23-25oC) SOC medium (Appendix B) to each transformation reaction. Finally, the reaction 
was incubated at 37oC supplied with approximately 150 rpm agitation on an orbital shaker 
(Ratek, Australia).  
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3.2.8 Screening 
The transformants were grown in SOC media at 37oC for 1.5-2 hours before plating on 
LBA/IPTG/X-Gal plates (Appendix B). Optimization for plating volume was done at the 
concentrations of 10-1, 10-2 and 10-3. A total of 100 µl was plated out on each plate. The whole 
transforming reaction (1 mL) was plated to accumulate as much as possible of the 
transformants. 
The plates were incubated at 37oC for 12-14 hours or overnight. The screening was 
done by selecting white or cream color colony. An autoclaved toothpick was used to touch a 
colony and transfer to the master plate (50 colonies per plate) before being dropped into LB 
media containing ampicillin (Appendix B). The cells in the LB media was grown in an 
incubator set at 37oC with agitation (Ratek, Ausralia) for overnight. The master plates were 
also incubated at 37oC.  
A total of 2.5 µL of the culture was sampled from each tube and added to 12.5 of a 
PCR master mix. The ingredients of the master mixture were as followed: 
10x PCR buffer (Invitrogen, Australia)  1.25 µL 
50 mM MgCl2 (Invitrogen, Australia)  0.6 µL 
1mM dNTP mix (Invitrogen, Australia)  3.0 µL 
5 U/µL taq polymerase (Invitrogen, Australia) 0.1 µL 
10 µM forward primer (T7)    1 µL 
10 µM reverse primer (SP6)    1 µL 
Template (cell culture)     2.5 µL 
Autoclaved MilliQ water    3.05 µL 
Final volume       12.5  µL 
The PCR was performed as followed: 
Incubation 94oC   12  minutes 
Then 30 cycle of: 
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Denaturation 94oC  30  seconds 
Annealing 55oC   30  seconds 
Extension 72oC   1  minute 
After that: 
Incubation 72oC  7  minutes 
Reaction tubes were stored at 4oC immediately after cycling. PCR products were 
visualized using 1.3% (w:v) agarose gel stained with Ethidium Bromide. PCR products 
showing a single band were selected to proceed with the plasmid extraction procedure. 
3.2.9 Plasmid extraction and storage of cell pellets 
Positive clones identified in 3.2.8 (1.7 mL of cell culture) were pelleted in a 1.5 mL 
microcentrifuge tube at 5,000 rpm for 5 minutes. The pellets were kept at –70oC until plasmid 
extraction. Further 500 µL of the culture were thoroughly mixed with 500 µL of 100% 
glycerol before keeping in –70oC as stock culture.  
The cell pellet underwent plasmid extraction using Qiaprep® Miniprep Kit (#27104, 
Qiaqen, Australia). A total of 250 µL Buffer R1 containing RNase I enzyme was added to 
each reaction tube. The tube contents were subsequently lysed by lysis buffer supplied with 
the kit. The reaction tubes were left at room temperature for no longer than 5 minutes before 
spinning at 14,000 rpm for 1 minute. The supernatant was transferred to the column to collect 
the plasmid on the silica membrane and the column centrifuged at 13,000 rpm for 1 minute. 
The flow-through was discarded. Washing was performed twice by applying 250 µL buffer 
PB each time, then centrifuging the column at 13,000 rpm for 1 minute. Finally, the plasmid 
product was eluted by applying 50 µL elution buffer onto the center of the column and 
centrifugation at 14,000 for 1 minute. The plasmid products were kept in –20oC or until ready 
to perform sequencing reaction as described in 3.2.10. 
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3.2.10 Big Dye Terminator reaction 
The transcripts on plasmids were amplified using the T7 primer (GenesWorks, 
Adelaide, Australia) for sequencing. The reaction mixture contained the following 
ingredients; 
Big Dye Terminator (Version 3.1)  4  µL 
Template     2  µL 
50 ng/µL T7 primer     1    µL 
Autoclaved MilliQ water   3    µL 
The reactions were done in GeneAmp PE2400 thermal cycler followed by 25 
cycles;10 seconds at 96oC, 5 seconds at 50oC, and 4 minutes at 60oC. The reactions were 
stored at 4oC until precipitation.  A total of 10 µL of autoclaved MilliQ water was added to 
each tube and the entire contents of the tube transferred to a clean microcentrifuge tube 
containing 50 µl absolute ethanol and 2 µl 3 M Sodium Acetate (pH 5.5). Tube contents were 
collected at the bottom of the tube by spinning briefly before leaving at room temperature for 
20 minutes to precipitate. Tubes were centrifuged at maximum speed (14,000 rpm) for 20 
minutes. The supernatant was aspirated amd pellets washed by adding 250 µL of 70% (v:v) 
ethanol before again being centrifuged and removing the supernatant. The pellets obtained 
were dried in a laminar flow overnight and stored at 4oC prior to sequencing at either Monash 
University or Griffith University.   
3.2.11 Degeneracy primers design 
Primers were designed from amino acid sequences coding for these marker proteins in 
teleosts: cytochrome P450s (CYP450s), thyroid hormone receptors (THR) and 
metallothionein (MT). First, amino acids sequences from SWISSPROT database were aligned 
to find a conserved region. Then the conserved region was transcribed into triplet codes 
according to APU. The least redundant sequences were collected. Finally, primer mixes were 
synthesized by GeneWorks (Adelaide, Australia).  
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These primers were tested for their suitable annealing temperature via gradient PCR 
using a PCR Express thermal cycler (Thermohybaid™, U.S.A.). The amplified cDNA, as 
used for creating cDNA library, was used as the template. The temperature range for the 
gradient PCR was between 45 and 55oC. The PCR products were visualized on Ethidium 
Bromide stained gels under UV light. Bands of expected sizes were cut from the gel and PCR 
products extracted using Qiagen’s PCR purification kit.  
The purified PCR products were subjected to the cloning process as described in 3.2.5 
to 3.2.7. The positive transformants were screened by T7 and SP6 primers to be assured of the 
inserts. Clones were sequenced at either Monash or Griffith University. 
3.2.12 Data analysis 
Single pass sequencing was done by ABI Prism 377 DNA Sequencer (School of 
Biomolecular and Biomedical Sciences, Griffith University, Queensland, Australia or 
Department of Microbiology, Monash University, Melbourne, Australia). Low quality 
sequence reads (N > 10%), T7 primer and vector sequences were manually removed.  
The transcripts were then identified by their similarity of nucleotide sequences and 
functions to the genes listed in the database (GenBank ® Main, GenBank ® ESTs (dbEST), 
SwissProt ® and SpTrEMBL ® databases. The blast search showed 100 of the most matched 
organisms. Within these entries, the best match had an E-value less than 0.02 and shared more 
than 50 homologous bases. 
3.3 Results 
3.3.1 Total RNA extraction 
The quality of total RNA for a template to be reverse reversed transcribed is shown in 
Table 3.2. The integrity of this total RNA examined by gel electrophoresis and a typical gel is 
shown in Figure 3.1.  
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Table 3.2: Quantification of total RNA 
Sample A260 A280 Ratio Production 
(µg/mL) 
1 0.1519 0.0935 1.6254 607.6 
2 0.1156 0.1114 1.0375 231.2 
3 0.0736 0.0711 1.0346 147.2 
 
 
 S1   S2   S3 
 
Figure 3.1:Total RNA integrity. A total of 5 µL of the total RNA products was loaded 
onto 1.2% (w:v) agarose gel. S1; sample 1, S2; sample 2, S3; sample 3. 
 
The sample was deemed to be of good quality and was reverse transcribed to cDNA as 
a first step to create a library. 
3.3.2 cDNA construction 
The cDNA library was constructed using SMART cDNA library construction kit. In 
this kit, the CDS primer aligned to poly-A tail of the transcripts. Then the first strand cDNA 
28S rRNA 
18S rRNA 
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was created. The consecutive GGG was added by PowerScript ™ Reverse Transcriptase at 
the end of the new strand copied from the mRNA template so that SMART II Oligonucleotide 
having CCC at its 3’ end would clamp to it. Then the cDNA was multiplied by LD PCR 
method. The PCR primer aligned at the SMART II Oligonucleotide primer site then the 
amplification began. 
Figure 3.4 illustrates the cDNA after LD PCR amplification. The cDNA products 
appeared as a smear ranging from 250-2,000 kb.  
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1 2 3 
                      
Figure 3.2: cDNA constructed from total RNA isolated from M. fluviatilis’s livers. Lane 
1; DNA marker (1 kb),  lane 2 and 3; cDNA. The product was run at 3 µL in 1.5% 
agarose. The cDNA as expected appeared as a smear.  
 
The cDNA derived from this method were blunt-ended DNA so dATPs were attached 
to both ends of the cDNA by Taq DNA polymerase (Invitrogen) to make it sticky ended so 
that it could be ligated to the T end of precut vector.   
3.3.3 Transformation 
The transformants were grown on LBA/IPTG/X-Gal plates. The colonies were 
generally 1 mm in diameter with white or cream color (Figure 3.3). The experiment selected 
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only white colonies for consistency of the experiment, which revealed 1,300 clones. Within 
these selected clones, there were some false-positive colonies, which appeared in white but 
had no transcript inserts when checking via PCR. On the other hand, some of the blue 
colonies also showed inserts. However, the selection deemed to PCR screening always rely on 
the white colonies.  
The PCR was performed prior to plasmid extraction to screen for the clones. Of the 
1,300 white colonies selected on master plates, a total of 379 colonies appeared to have 
transcript inserts (Figure 3.4).  Some clones possessed more than one insert observed in the 
PCR result. Moreover, the PCR screened from the colony picking yielded different results to 
the PCR screened from LB culture (data not shown). From observation, PCR screening via 
colony picking technique employed earlier in this experiment resulted in some errors, thus the 
screening procedure was based on LB culture only. Most of the inserts were less than 
expected (2 kb) when consulting cDNA sizing results. The maximum length of the insert 
(plus T7 and SP6 promoters) was approximately 1 kb. The clones having PCR products of 
more than 500 kb observed by PCR screening were selected for sequencing. A total of 379 
positive white colonies were sequenced. Within these clones, a total of 34 sequences (9%) 
were removed for their failure in reading (N>10%), while the remaining 345 sequences (91%) 
were further analyzed by Blast search. 
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Figure 3.3: Results of Blue-White screening for transformants. The transformant 
reaction (1/100) was plated on LBA/IPTG/X-Gal. Blue colonies were generally the 
transformants with vectors only. White colonies were generally transformants with 
transcript-insert vectors.  
     
Figure 3.4: The blue-white screening. Transformants E.coli grown on LBA/IPTG/X-Gal 
plate. The white colonies were picked and inoculated onto a fresh LBA/IPTG/X-Gal 
Master plate. These white colonies on the master plate were screened for transcript 
inserts by PCR.  
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Figure 3.5: A representative result of PCR screening via T7 and SP6 primers for 
selecting of clones having the Rainbowfish’s transcripts. The adjacent lanes represented 
1 kb+ DNA marker. The arrow represented a cut-off size of positive clones at 500 bp. 
 
3.3.4 Survey of EST in cDNA library from the fish’s liver  
Sequencing from 345 clones revealed small insert sizes ranging from 100 to 1,000 
base pairs. Identification of unknown sequences revealed 71 clones significantly matched 
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with the GenBank database using Biomanager 2.0 under the  “BlastN” program (Table 3.3). 
The 274 remaining sequences gave a non-significant match to the GenBank database and 
were blasted against protein databases (SwissProt® and SpTrEMBL® databases) under the 
“BlastX” program resulted 11 clones giving significantly match as listed in Table 3.4. The 
remaining sequences with non-significant match were blasted against the EST databases 
under the “BlastN” program with the GenBank EST as selected database entry. A total of 12 
clones revealed particular match with E-value less than 0.02 in this database, leaving the rest 
of 251 sequences as unidentified or unknown sequences. Table 3.9 listed sequence analysis of 
the clones via EST database.  
A protein category was assigned to each sequence with reference to the functions as 
reviewed from literature. Figure 3.6 illustrates a survey of  EST in the cDNA library of M. 
fluviatilis.  
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Figure 3.6: Functional classification of 345 ESTs identified in the cDNA library from 
unchallenged livers of Melanotaenia fluviatilis. 
 
 
 
 
 
 
Structural protein 
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Table 3.3:Analysis of clone sequences blasted against GenBank database under BlastN program in Biomanager web site. 
Clone No. 
Length 
(bp) Significant match Accession no. Score %Identity 
Expected 
value 
Homologous 
bases 
MF0174 399 
Acanthopagrus latus gene for 18S ribosomal 
RNA AB089345 694 98 0.00E+00 368 
MF0364 397 
Acanthopagrus latus gene for 18S ribosomal 
RNA AB089345 708 93 0.00E+00 370 
MFtest45 393 
Acanthopagrus latus gene for 18S ribosomal 
RNA AB089345 739 98 0.00E+00 388 
MF0316 204 Oreochromis mossambicus 18S ribosomal RNA AF497908 345 97 2.00E-92 195 
MF0149 709 Oreochromis mossambicus 18S ribosomal RNA AF497908 779 97 0.00E+00 443 
MF0246 467 Oreochromis mossambicus 18S ribosomal RNA AF497908 787 97 0.00E+00 436 
MF0727 480 Oreochromis mossambicus 18S ribosomal RNA AF497908 799 97 0.00E+00 440 
MF0820 446 Oreochromis mossambicus 18S ribosomal RNA AF497908 799 98 0.00E+00 429 
MF1047 425 Oreochromis mossambicus 18S ribosomal RNA AF497908 680 97 0.00E+00 380 
MF0089 500 Oreochromis mossambicus 18S ribosomal RNA AF497908 577 96 1.00E-162 331 
MF0417 242 Oreochromis mossambicus 18S ribosomal RNA AF497908 420 97 1.00E-112 230 
MF1106 294 Oreochromis mossambicus 18S ribosomal RNA AF497908 402 96 2.00E-109 230 
MF0371 243 Oreochromis mossambicus 18S ribosomal RNA AF497908 367 95 6.00E-99 218 
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Clone No. 
Length 
(bp) Significant match Accession no. Score %Identity 
Expected 
value 
Homologous 
bases 
MF0639 380 Oryzias latipes gene for 18S rRNA  AB105163 644 97 0.00E+00 349 
MF0116 297 Pampus argenteus partial 18S rRNA gene PAR564775 398 96 1.00E-108 230 
MF0507 106 
Pseudopleuronetes americanus 18S ribosomal 
RNA AY225100 204 99 2.00E-50 105 
MF0818 476 
Trichiurus haumela partial 18S ribosomal RNA 
gene  THA564744 793 98 0.00E+00 433 
MF0921 719 
Trichiurus haumela partial 18S ribosomal RNA 
gene  THA564744 1076 96 0.00E+00 638 
MF0311 342 
Trichiurus haumela partial 18S ribosomal RNA 
gene  THA564744 565 97 1.00E-158 315 
MF0350 132 Oncorhychus mykiss 28S ribosomal RNA gene U34341 176 96 6.00E-42 102 
MF0335 436 Hippocampus comes 60S ribosomal RNA gene AY357071 264 84 1.00E-67 285 
MF0682 318 
Takifugu rubripes APoA-IV1 mRNA for 
apolipoprotein AB183290 143 87 3.00E-31 129 
MF1200 318 
Takifugu rubripes APoA-IV1 mRNA for 
apolipoprotein AB183290 135 86 8.00E-29 128 
MF1288 318 
Takifugu rubripes APoA-IV1 mRNA for 
apolipoprotein AB183290 135 86 9.00E-29 128 
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Clone No. 
Length 
(bp) Significant match Accession no. Score %Identity 
Expected 
value 
Homologous 
bases 
MF0927 709 
Mus musculus protein arginine N-
methyltransferase 4, mRNA (cDNA clone 
MGC:67339 IMMAGE: 5690424) BC060250 119 86 9.00E-24 112 
MFunknown 322 Mus musculus ATP citrate lyase, mRNA BC021502 103 87 2.00E-19 100 
MF0509 741 
Takifugu rubripes PDGFRalpha gene, complete 
cds, alternatively splice and kinase receptor kit 
(C-kit) AF456419 90 80 7.00E-15 171 
MF0545 424 
Drosophila melanogaster RE08455 full insert 
cDNA  AY119106 65.9 87 5.00E-08 57 
MF1285 411 
Mus musculus BAC clone RP23-394G23 from 
chromosome 8, complete sequence AC164432 75.8 89 9.00E-06 62 
MF0169 702 
Polypterus bichir, clone-22F22 complete 
sequence AC126321 61.9 81 1.00E-06 157 
MF0000 1163 Takifugu rubripes clone 264E2 AC097628 83.8 82 9.00E-13 111 
MF1290 847 
Takifugu rubripes clone fru 31310 non LTR-
retrotransposon transcriptase AY212360 75.8 91 2.00E-10 53 
MF1128 1019 
Zebrafish DNA sequence from clone CH211-16 
in linkage group 10  BX569788 307 89 4.00E-80 263 
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Clone No. 
Length 
(bp) Significant match Accession no. Score %Identity 
Expected 
value 
Homologous 
bases 
MF0963 321 
Zebrafish DNA sequence from clone DKEY-
125E8, complete sequence BX323987 58 8.50E+01 1.00E-05 62 
MF0709 324 
Zebrafish DNA sequence from clone DKEY-
231A184 BX537308 67.9 86 2.00E-08 64 
MF0109 445 
Zebrafish DNA sequence from clone DKEY-
76A14 in linkage group 1, complete sequece BX470255 115 96 1.00E-22 70 
MF0190 209 
Zebrafish DNA sequnce from clone CH211-
229I1 AL953907 135 91 3.00E-29 104 
MF0167 512 Danio rerio mRNA similar to DnaJ (HSP40) BC049406 93.7 85 3.00E-16 92 
MF0929 424 
Paralichthys olivaceus mRNA for 
glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) AB029337 230 92 2.00E-57 157 
MF1293 653 Salmo salar mRNA for glutamate dehydrogenase SSA532827 75.8 93 1.00E-10 62 
MF0064 862 
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.1) gene AJ532826 123 97 5.00E-25 67 
MF1109 688 
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 111 98 3.00E-21 63 
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Clone No. 
Length 
(bp) Significant match Accession no. Score %Identity 
Expected 
value 
Homologous 
bases 
MF0614 435 
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene AJ532827 107 96 2.00E-20 59 
MF1069 1145 
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 93.7 97 9.00E-16 61 
MF1194 1148 
Salmo salar mRNA for glutamate dehydrogenase 
(gdh. 3.2) gene AJ532827 127 98 8.00E-26 71 
MF1116 206 
Salmo salar mRNA for glutamate dehydrogenase 
(gdh. 3.2) gene SSA532827 113 96 2.00E-22 63 
MFtest01 180 
Salmo salar mRNA for glutamate dehydrogenase 
(gdh. 3.2) gene AJ532827 91.7 94 5.00E-16 55 
MF0887 760 Sparus aurata glucokinase mRNA AF169368 448 84 1.00E-122 523 
MF0147 464 
Orizias latipes gene for membrane guanylyl 
cyclase OlG2, intron 4, partial sequence AB054296 111 82 1.00E-21 155 
MF0984 1079 
Oryzias latipes gene for membrane guanylyl 
cyclase OIGC1 AB021490 60 87 1.00E-05 54 
MF0615 466 
Ictalurus punctatus ribosomal protein L5b 
mRNA AF401557 141 86   127 
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Clone No. 
Length 
(bp) Significant match Accession no. Score %Identity 
Expected 
value 
Homologous 
bases 
MF0988 673 
Tetraodon nigroviridis non-LTR retrotransposon 
Rex3_tet AJ621035 551 86 1.00E-154 548 
MF0150 368 
Tetraodon nigroviridis partial TY3/GYPSY-like 
LTR retrotransposon Rodin_Tet. AJ621593 52 79 1.00E-03 131 
MF0216 393 Xiphophorus maculatus Rex3 retrotransposon AY298859 153 86 3.00E-34 152 
MF0987 815 
Oryzias latipes DNA, MHC Class I Region, 
complete cds, Section 2/2 AB073377 71.9 88 2.00E-09 60 
MF0979 289 
Oncorhynchus tshawytscha microsettelite 
OtsG83b sequence AF393189 149 85 6.00E-29 149 
MF0107 715 Melanotaenia lacustris mitochondrial DNA AP004419 932 96 0.00E+00 542 
MF0978 385 Melanotaenia lacustris mitochondrial DNA AP004419 505 93 1.00E-140 323 
MF1211 407 Melanotaenia lacustris mitochondrial DNA AP004419 414 90 1.00E-113 311 
MF0940 744 Melanotaenia lacustris mitochondrial DNA AP004419 276 85 9.00E-71 317 
MF0395 190 Melanotaenia lacustris mitochondrial DNA AP004419 222 92 2.00E-55 142 
MF0666 224 Melanotaenia lacustris mitochondrial DNA AP004419 222 92 3.00E-55 145 
MF0964 402 
Mus musculus protein kinase N1, mRNA (cDNA 
clone MGC:56917 IMAGE:6312892), complete 
cds. BC052923 67.9 91 2.00E-08 48 
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Clone No. 
Length 
(bp) Significant match Accession no. Score %Identity 
Expected 
value 
Homologous 
bases 
MF0237 714 Epinephelus aeneus RBP mRNA AF538328 115 87 2.00E-22 103 
MF0714 682 Oncorynchus mykiss retinol-binding protein AF257326 176 86 6.00E-41 164 
MF0536 204 Danio rerio ribosomal protein S5 (rps 5) mRNA  AF084636 174 88 4.00E-41 144 
MF0529 205 Danio rerio ribosomal protein S5 (rps 5) mRNA  AF084636 153 87 1.00E-34 153 
MFtest06 1055 
Takifugu rubripes partial mRNA for alpha-2, 6-
sialyltransferase ST6GalNACIII (Siat 7C gene) AJ634456 172 83 1.00E-39 204 
MF0919 345 
Fundulus heteroclitus  vitellogenin 1 (VTG1) 
mRNA  FHVTGI 111 83 9.00E-22 129 
MF0530 177 
Oreochromis aureus vitellogenin gene, complete 
cds AF072686 69.9 88 1.00E-09 56 
MF0141 486 
Sparus aurata zona pellucida protein Ba mRNA, 
complete cds. AY928800 258 84 1.00E-65 297 
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Table 3.4: Analysis of clones by blastX against SwissProt® and SpTrEMBL® databases.  
Clone No. 
Length 
(bp) Significant match Accession no. Score %Identity 
Expected 
value 
Homologous 
amino acid 
MFp10t 1163 
Fugu rubripes (Japanese pufferfish) (Takifugu rubripes). 
Reverse transcriptase-like protein Q9YGS2   265 60 2.00E-22 50
MFtestQ 963 Myxococcus xanthus. SocE Q9KHC4_MYXXA   229 48 1.00E-17 56
MF0979 289 
Brachydanio rerio (zebrafish) (Danio rerio). One cut domain, 
family member 1, like.  Q6PHC9_BRARE   345 91 4.00E-32 67
MF0940 744 Melanotaenia lacustris. Cytochrome c oxidase polypeptide ii  Q8HLZ8_9SMEG   337 68 3.00E-34 69
MF0811 760 Bacteroides fragilis. dipeptidyl peptidase iv Q64XP9_BACFR   391 58 1.00E-53 71
MF0816 463 
Brachydanio rerio (zebrafish) (Danio rerio). Novel protein 
similar to vertebrate fibrinogen-like 2 (fgl2)  Q5TYU3_BRARE   435 61 3.00E-42 78
MF0710 463 
Brachydanio rerio (zebrafish) (Danio rerio). Novel protein 
similar to vertebrate fibrinogen-like 2 (fgl2).  Q5TYU3_BRARE   435 61 3.00E-42 78
MF1139 905 Tetraodon nigroviridis (green puffer). Polyprotein Q7T1J8_TETNG   361 41 3.00E-33 92
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Clone No. 
Length 
(bp) Significant match Accession no. Score %Identity 
Expected 
value 
Homologous 
amino acid 
MF0115 700 Oryzias latipes (medaka fish) (japanese ricefish). Reo_6 protein. Q8UUM3_ORYLA   443 44 5.00E-43 94
 
 
 
 
 
 75 
Table 3.5: Sequence analysis of the clones blasted against EST database. 
Clone No. 
Length 
(bp) Significant match Accession no. Score %Identity 
Expected 
value 
Homologous 
bases 
MF0028 788 
64885_125_116_F01 Fundulus heteroclitus liver 
Fundulus heteroclitus cDNA similar to Cathepsin E 
precursor (EC.3.4.23.34), mRNA sequence CN988936 242 83 2.00E-60 361 
MF0315 762 
AGENAE Rainbow trout normalized testis library 
(tcbi) Oncorhynchus mykiss  CR370381 71.9 92 3.00E-09 48 
MFp24t 592 
CNB_299_B10.x1d-tSHGC-CNB Gasterosteus 
aculeatus cDNA clone CNB299_B10, 3' mRNA 
sequence DV0168140 48.1 88 0.036 56 
MF0120 733 
CNB374_H09.y1d- SHGC-CNB2 Gasterosteus 
aculeatus cDNA clone CNB3749_H09, 3' mRNA 
sequence DW673143 60 82 1.00E-05 75 
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Clone No. 
Length 
(bp) Significant match Accession no. Score %Identity 
Expected 
value 
Homologous 
amino acid 
MF0982 712 
Gasterosteus aculeatus clone CH213-202d23, 
complete sequence AC152174 50.1 84 0.009 61 
MF0912 728 
HREST library Haplochromis sp. 'Red tail sheller' 
cDNA clone no. 533g06, mRNA sequence BJ693414 103 83 9.00E-19 129 
MF0935 561 
HREST library Haplochromis sp. 'Red tail sheller' 
cDNA clone no. 5340a05, mRNA sequence BJ00646 67.9 84 4.00E-08 73 
MF0504 248 
JGI_CAAW7735 fwd CAAW Pimephales promelas 
testis 7-8 months adults, males and female pooled 
(M) Pimephales promelas cDNA clone CAAW35, 5' 
mRNA  DT297238 48.1 82 0.016 72 
MF0122 758 
Leptosporia starvation library Leptosporia musculan 
cDNA, mRNA sequence DT932821 129 99 2.00E-26 68 
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Clone No. 
Length 
(bp) Significant match Accession no. Score %Identity 
Expected 
value 
Homologous 
amino acid 
MF0231 459 
MF01ALA cDNA Oryzias latipes cDNA clone 
MF01ALA056b23 3', mRNA sequence BJ925002 48.1 81 0.031 80 
MFtestM 830 
Mycelium subtracted infection mimic Phytopthora 
infestants cDNA, mRNA sequence CV945007 54 86 0.0008 75 
MF0620 407 
strPU536.005764 Sea urchin embryo 40 hrs gastrula 
stage cDNA library MPMGp536 Strongylocentrotus 
purpuratus cDNA clone CALTp536I205; 
MPI_536_5I20 5', mRNA sequence CD341943 58 81 2.00E-05 83 
MFp10t 1163 Takifugu rubripes Reverse transcriptase-like protein Q9YGS2 107 60 2.00E-22 50 
MF0095 765 
Sugano-Kawakami 5' end enriched cDNA library 
(OLa) from HNI Oryzias latipes cDNA clone 
OLa28.10f similar to pir|T29181| hypothetical 
protein ZK381.7 - Caenorhabditis elegans, mRNA 
sequence. AU177261 119 87 2.00E-23 118 
 78 
3.3.5 Results of studies using degenerate primers 
The optimal annealing temperatures for each pair of primers were tested. The primers 
for the thyroid hormone receptor (THR), cytochrome P450s (CYP) and metallothionein 
(MT) resulted in PCR products with expected sizes (data not shown). Figure 3.7 represents 
PCR products from THR amplification. Thus, these products were further cloned and the 
sequences analysed. There were 20, 12 and 11 clones from selected from THR, CYP, and 
MT clones, respectively. The plasmid was isolated then the products were restricted with 
NotI restriction enzyme to get an actual size before sequencing. However, sequences showed 
no match with the gene of interests.  
1 kb marker    45oC          47oC          49oC          50oC          52oC        55oC 
 
Figure 3.7: A PCR result obtained from amplifications of thyroid hormone receptor 
degenerate primers at different temperatures as indicated. The expected bands 
presented at all temperature tested. These bands were exiled and extracted from the 
agarose.  
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3.4 Discussions 
3.4.1 Degenerate primer design 
 The application of degenerate primers designed from “conserved domains” for the 
amplification of the thyroid hormone receptor (THR), metallothionein (MT) and to 
cytochrome P450 enzymes (P450) showed initial promise in that amplification resulted in 
products of the expected size. However, cloning and subsequent sequence analysis indicated 
that none of the cloned fragments had any homology to the gene of interest. Primer design 
would be a major problem in this experiment since it was designed on possible bases, and 
non-specific products could be amplified when degeneracy is exceeding (Linhart and 
Shamir, 2002). According to Linhart and Shamir (2002), degenerate primers can give 
problems especially when studying a gene family that is known only in part, or is known in a 
related species. As growth of sequence data enters the databases together with improvement 
in primer design programs, it maybe possible to design more successful primers for these 
genes in the rainbowfish.  
Another possible reason could be as observed by Carson and Botha (2000), which 
was the first EST study in sugarcane leaf roll and stem. In this study, they observed that 
genes associated with sucrose metabolism were not abundantly expressed in stem, even 
though the stem accumulated large quantities of sucrose. By an advanced technology of 
cDNA microarray, Casu et al. (2005) explained that these genes were actually down 
regulated but a gene encoding hexose transporter was up regulated correlating with sucrose 
accumulation in stem. Therefore, even though the liver of rainbowfish plays an important 
role in biotransformation (Reid et al., 1995), the genes encoding for enzymes that are 
involved could be present only in low level without chemical challenging. It is interesting to 
accumulate more understanding regarding localization of genes so that physiological 
information on biotransformation of toxicants could be obtained from the rainbowfish.     
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3.4.2 The cDNA created from total RNA by SMART® technology 
The SMART method, in combination with PCR, has been widely used to amplify 
small amount of samples from such sources as laser capture microdissections and biopsies 
(Zhou et al., 2005). The method starts with total RNA or poly A+ mRNA in minute 
quantities. The cDNA primer, which is a modified oligo (dT) primer, primes the first strand 
synthesis in the present of PowerScript™ Reverse transcriptase. When the reverse 
transcription reaches the 5’ end of an mRNA, the enzyme’s terminal terminal transferase 
activity adds a few additional nucleotides, primarily deoxycytidine (dC) to the 3’ end of the 
cDNA. Then SMART™ oligonucleotide with its G sequences at the 3’ end base pairs with 
the dC stretch, creating an extended template. The reverse transcription then swiches 
templates and continue replicating to the end of the oligonucleotide (Clonetech Laboratories,  
2001). In this study, total RNA was used to reverse transcribed to cDNA using specific 
primers together with SMART technology (Switching Mechanism At 5’ end of the RNA 
Transcript) from Clonetech (BD Science). The SMART technique provides a method for 
producing high-quality and full-length cDNA libraries that preserved the complete 5’ 
terminal sequence of mRNA. This technique overcomes defects of conventional cDNA 
construction, which are 1) the conventional method yields fewer cDNA clones that preserved 
5’ end sequence of mRNA. 2) It is difficult to determine which cDNA clone preserves the 
complete 5’ end sequence of mRNA (Chen et al., 2005). 
However, this experiment faced some difficulties in creating cDNA using the 
SMART™ cDNA library construction kit. One major reason would be converting to cDNA 
without DNase treatment. Possible interferences in reverse transcription of the total RNA 
include the purity of the total RNA products. Contamination with proteins and chemicals that 
are co-extracted with RNA could result in inhibition of reverse transcription process so that 
cDNA products are not desirable. Contamination of genomic DNA would interfere with 
sequencing since introns are always included in the genomic DNA strand. Truncated RNAs 
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that are present in a poor quality RNA sample would also be amplified causing 
contamination in a final cDNA library construction (Clonetech Laboratories, 2001).  
3.4.3 Genes identified from the cDNA library from M. fluviatilis’s liver 
The express sequence tag (EST) approach has been proven a highly efficient tool for 
identification of the genes by database similarity search. To apply this tool in order to detect 
and quantify gene expression levels in a representative manner, unbiased cDNA libraries are 
essential and the collections of non-normalized cDNA information does not lead to the 
discovery of new genes (reviewed in Sarropoulou et al., 2005).  
This un-amplified (non-enriched) cDNA library listed 26 different identified genes. 
The ribosomal RNA gene is the major group found in this library.  The following list of 
transcripts were categorized by their functions retrieved from the literature.   
Structural proteins 
• Ribosomal RNA gene: 18S rRNA: There were 19 clones represented 18S rRNA gene 
homology to 6 different fishes: Acanthopagrus latus, Oreochromis niloticus, Oryzias latipes, 
Pampus argenteus, Pseudopleuronetes americanus, and Trichiurus haumela. Most highly 
expressed ESTs include ribosomal RNAs, which belonged to general housekeeping 
categories responsible for protein synthesis/fate. These housekeeping genes ESTs are 
expected in a cDNA library created from total RNA as in Coram and Pang (2005),Lee et al. 
(2005b). In quantitative PCR experiments, the housekeeping genes are utilized to normalize 
expression of the target genes.  
• Ribosomal protein mRNA; S5 (rps 5) and L5b responsible for transcription. This 
group contained 3 clones, MF0615, 0536, 0529. 
• The sequence of MF0929 shared sequence similarity with the glyceraldehyde-3-
phosphate dehydrogenase mRNA (GAPDH) in Japanese flounder (Paralichthys olivaceus). 
This gene has been used widely as an internal control gene in PCR quantitative experiment 
assuming that it expressed constitutively in similar degrees in different cells and tissues 
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under experimental conditions (Personett et al., 1996; Jeong et al., 2005). However, some 
research has also shown that GAPDH mRNA could be affected by experimental conditions 
as suggested by Schmittgen and Zakrajsek (2000); Goidin et al. (2001a); Tsuji et al. (2002a). 
Recently, a 37 kDa GAPDH of Edwardsiella tarda was shown to protect Japanese flounder 
from Edwardsiella tarda experimental infection (Liu et al., 2005b).  
• One copy of the receptor of platelet-derived growth factor (PDGFRalpha) resembling 
gene was found in MF0509. The function of PDFGRs involves mediation of the proliferation 
and differentiation of glial and mesenchymal cells (Williams et al., 2002). This group of 
genes is thought to code for a structural protein.  
• Two clones, MF0816 and MF0710 shared a similarity to zebrafish fibrinogen-like 
protein (fgl2). It has been reported that this protein could be down regulated by 17β-estradiol 
(E2) in large mouth bass (Micropterus salmoides) (Bowman et al., 2002) but up regulation 
by the same exposure has been found in sea bream (Sparus auratus) (Pinto et al., 2006). This 
gene has been useful for homeostasis studies in embryos (Jagadeeswaran and Liu, 1997)  
Cellular metabolism protein 
• Arginine N-methyltransferase: The clone MF0927 shared similarity to arginine N-
methyltransferase 4 mRNA in rat (Mus musculus).  Protein arginine methylation is an 
irreversible post-translational modification involved in various cellular functions such as 
signal transduction, RNA processing, DNA repair and transcriptional regulation (Bedford 
and Richard, 2005), protein subcellular localization, and protein–protein interactions (Hung 
and Li, 2004; Hsieh and Tam, 2006). Fackelmayer (2005) additionally proposed that arginine 
methyl transferase might protect arginine residues from attacking by endogenous reactive 
dicarbonyl agents that are highly cytotoxic compounds such as methylglyoxal. Inactivation 
of the proteins are casually linked to diabetes, cancer, neurodegenerative diseases and 
pathophysiologies of aging (Fackelmayer, 2005). Therefore, investigation of this enzyme 
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would perhaps lead to the development of drugs that exploit a natural protection mechanism 
for medical purposes.  
In phase II biotransformation, different families of the transferase enzymes conjugate 
larger endogenous groups to oxygenated xenobiotics derived from the phase I (oxidative and 
functionalisation step) process. Thus, a lipophilic xenobiotic is transformed into a polar and 
water-soluble end product that can be excreted from the organism through bile or urine or 
gill (Lawrence et al., 2003). The methyltransferase enzyme is responsible for methylation in 
phase II biotransformation pathway (Hinton et al., 2001; Schlenk, 2001). Therefore, the. 
mRNA fragment similar to arginine N methyl transferase found in this library could be used 
as a poteintial biomarker of exposure to dicarbonyl agents or other cytotoxic compound as 
suggested by Fackelmayer (2005) using the rainbowfish as tested organism. 
Stress proteins/chaperonins 
• Heat shock proteins (heat stress proteins, Hsps) are a family of chaperones inducible 
by heat and other stressors that serve essential functions under stress and nonstress condition 
(Chai et al., 1999). Dong et al. (2006) reviewed that Hsps were first identified in Drosophila 
melanogaster that was exposed to a severe heat stress. Hsps are traditionally classified by 
molecular weights into several families, including Hsp110, Hsp90, Hsp70, Hsp40 and 
several low molecular weights (Dong et al., 2006). Three principal biochemical functions of 
Hsps are molecular chaperone activity, regulation of cellular redox state, and regulation of 
protein turnover (Ojima et al., 2005). Inductions of Hsp mRNA expression are heat shock, 
viral or bacterial infection, ultraviolet radiation and glucose deprivation. These “stressful” 
stimuli give an increased impact on intracellular synthesis of Hsps (Dong et al., 2006).  
Clone MF0167 with a length of 512 base pairs showed a significant similarity to 
zebrafish (Danio rerio) Heat Shock Protein DnaJ (HSP40). Yokoyama et al. (1998) reported 
that DnaJ is important in controlling the solubility of heterologous transglutaminase 
overproduced in E. coli. It has been reported that Hsp40 is a cochaperone for Hsp70 to 
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suppress protein aggregation. The Hsp40 binds to and stimulates the ATPase activity of 
Hsp40 (reviewed in Chai et al. (1999). (Greene et al. (1998) reported that the interaction 
between DnaJ and DnaK (Hsp70) cooperated in many cellular processes, including DNA 
replication, protein export, stress response and promoting of folding the denatured or 
partially unfolded proteins. However, Chai et al. (1999) found that the Hsp40 mechanism by 
which Hsp40 mediates suppression of polyglutamine (Polygln) aggregation might not 
depend on interactions with Hsp70.  
Few vertebrates are able to regenerate their missing organs. Teleosts are included; they 
are able to regenerate their whole fin structure and function after partial amputation 
(Santamaria and Becerra, 1991 reviewed in Tawk et al. (2000). It is speculated that Hsps 
responsible for mechanisms related to fin regeneration in adult zebrafish since they 
expressed in cells subjected to mechanical stress caused by a severe injury. Tawk et al. 
(2000) showed that the zebrafish Hsp40 mRNA level was drastically increased in all ray 
segments beneath the regenerated part in response to caudal fin amputation. Dong et al. 
(2006) reported the up-regulation of Hsp40s in embryonic cells of flounder by heat shock 
and speculated that virus treatment might play some immune-related roles, possibly in the 
antiviral immune response. Additionally, Chai et al. (1999) concluded that Hsp40 
chaperones represented potential therapeutic molecules. They suggested that increasing of 
chaperone activity might prove beneficial in Polyglutamine diseases in human since the 
proteins suppressed polyglutamine aggregation.  
Cellular metabolism 
• There were 8 clones sharing a similarity to Glutamate dehydrogenase mRNA in 
Salmon (Salmo salar). Glutamate dehydrogenase is the mitochondrial matrix enzyme 
containing an RNA-specific binding site and involved in regulation of cellular homeostais 
(Preiss et al., 1993). It is an enzyme that catalyzes the conversion of L-glutamate and water 
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to 2-oxoglutarate and NH3 in the presence of NAD+ (From Enzyme Nomenclature (1992), 
EC 1.4.1.2 Year introduced: 1965 (http://www. ncbi.nlm.nih.gov/entrez/query/, 25/05/06).  
• A clone, MF0887 was similar to the gene that encoded glucokinase from Gilthead sea 
bream (Sparus aurata). Glucokinase is mainly expressed in liver and pancreatic β-cells. This 
enzyme catalyzes phosphorylation of glucose to glucose-6-phosphate in glucose metabolism. 
It has been found that carnivorous fish, such as Gilthead sea bream rainbow trout 
(Oncoryhchus mykiss) are difficient in the ability to metabolize carbohydrates partly due to a 
lack of this enzyme (Caseras et al., 2000; Panserat et al., 2000). Borrebaek and 
Christophersen (2000) reported a difference in the glucokinase activity in perch (Perca 
fluviatilis) eating natural diet and a diet with 14% carbohydrate pellets. They found no 
glucokinase-like activity in the live feeding pearch which may implicate the differnces in 
expression levels of the glucokinase gene as a response to diet. In order to examine whether 
the same patterns of glucokinase gene expression occur in rainbowfish, it is now possible to 
measure the level of glucokinase mRNA using this cDNA clone. However, this was beyond 
the scope of the present study.  
• ATP citrate lyase plays an important role in fatty acid biosynthesis (Eritani et al., 
1993) and is influenced by nutritional condition as reported in Aster and Moon (1981). One 
clone showed homology to ATP citrate lyase mRNA in rat. However, neither the mRNA for 
ATP citrate lyase or protein have been considered for use as biomarker in an 
ecotoxicological context. 
 
Structural genes 
• Retrotransponson are mobile DNA elements and are ubiquitous in the genomes of 
many eukaryotic organisms. They are particularly abundant in plants, where they are often a 
principal component of nuclear DNA (http://en.wikipedia.org/wiki/Retrotransposon, 
20/05/06). Retrotransposon-related DNA sequences play a significant role in the 
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organization and evolution of complex plant genomes. These mobile DNA elements are like 
retroviruses, they can induce mutations by inserting near or within genes (Miller et al., 
1998). Retrotransposons belong to the class I type of mobile elements, classified into two 
sub-types: the long terminal repeat (LTR) and the non-LTR retrotransposons.  The former 
type is sub-classified into 5 major groups (Goodwin and Poulter, 2002). These are known as 
Ty1-copia, DIRS1, BEL, Ty3-gypsy and the vertebrate retrovirus group. The Ty3-gypsy 
retrotransposons are widely distributed in organelles, including both gymnosperms and 
angiosperms. The latter group consists of 2 sub-types designated as long interspersed nuclear 
elements (LINEs) and short interspersed nuclear elements (SINEs).   
 The clone MF0150 (368 base pairs), showed relative homology to Ty3/Gypsy-like 
LTR in a puffer fish (Tetraodon nigroviridis).  Goodwin and Poulter (2002) reported that the 
Ty3/gypsy elements have been found in a wide range of animals, as well as in plants, fungi 
and other eukaryotes.  
Non-LTR retrotransposon sequences have been reported from the genomes of 
rainbow trout, eel and zebrafish. Volff et al. (1999) characterized a non-LTR retrotransposon 
Rex3 from the genome of the fish, Xiphophorus. It revealed that complete versions of this 
element should encode an endonuclease and a reverse transcriptase (Volff et al., 2001). This 
experiment showed that clone MF0216 and MF0988 possessed a transcript similar to Rex3 
of this fish. Clone MF1290 showed a transcript of 847 bp. giving the best match against non-
LTR retrotransposon transcriptase of Takifugu rubripes. Rex3 was reported to be widespread 
in teleost and could be detected in all tissues and cell line tested. Association of Rex3 with 
coding regions might be important in terms of genome evolution in teleosts. Examples of 
transposon insertions providing benefit to the hosts were listed in Britten (1997), Kidwell 
and Lisch (1997) (reviewed in Volff et al. (1999)).  
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• Gene resembling mitochondrial DNA were found in MF0107, 0978, 1211, 0940, 
0395 and 0666 clones. These structural genes have been used for evolutionary purposes as 
suggested in Cao et al. (1998); Rasmussen and Arnason (1999).  
MF0979 shared similarity to microsellites in Oncorhynchus tshawytsha. 
“Microsatellite or simple sequence repeat (SSR) marker-type maps have been constructed in 
many organisms and have been used to help locate genes for hereditary diseases and 
quantitative trait loci (QTL) controlling traits of economic importance (Sakamoto , 2000)”. 
Thus, this gene would be of benefit to stock selection and genetic trait development in 
aquaculture. Application of microsatellites in the rainbowfish in order to develop trait for 
commercialization of this species as ornamental fish in the future would be beneficial. In 
addition, a conventional method to identify two stocks of the rainbowfish which were M. 
fluviatilis (Castelnau, 1878) and M. doubulayi explained in Crowley (1986) would be 
difficult, especially when the fish were in early life stage. Thus, using microsatellites would 
be another step to clearly identify these two species. 
Genes linked to reproduction 
• Retinol-binding protein (RBP): One of major sites for gene expression of retinol-
binding protein (RBP) is the liver, but other tissues such as kidney cells, seminal vesicle 
epithelium, and retinol epithelium also possess transcripts of RBP (Lubzens et al., 2003). 
Retinol is transported in the plasma in association with RBP. The RBP mRNA levels in the 
liver and RBP in plasma did not change with the onset of and during vitellogenesis in the 
Rainbow trout. The expression of RBP mRNA was found to be relatively low when 
immature Rainbow trout was treated with 17β- estradiol. Therefore, the RBP mRNA found 
in this cDNA library could be tested further for its expression following exposure to 
endocrine disrupting substances and its a potential for utilization as a biomarker in 
ecotoxicology studies.  
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• Alpha-2, 6-sialyltransferase ST6GalNACIII (Siat 7C) gene: Clone no. Mftest06 
represented a match with alpha-2, 6-sialyltransferase mRNA (STgGalNACIII). Cornillon et 
al. (1979), Ostrander and Holmes (1991) localized the sialyltransferase enzymes in 
hepatocyes. These enzymes could be found in ovaries and mature eggs as reported by 
Kitazume et al. (1994). Less than 4% of the activities were localized in the membrane 
(Golgi) fraction. In mature eggs, the sialyltransferases were also detected as soluble 
enzymes, and within the cortical vesicles. 
The enzyme has been well conserved amongst teleost species as reported by Freischutz et 
al. (1994). These authors also reported that the pattern of sialyltransferase acitivities in fish’s 
brains was different from that in rat’s brains. The enzyme is accountable for transfer of sialic 
acid residue onto the O-glycan chain of polysialoglycoprotein (PSGP) in the sialylation 
process during oogenesis. It is the first enzyme of sialyltransferases, listed as Sia alpha 2,8-
sailyltransferase and alpha 2, 8-polysialyltransferase, to catalyze the incorporation of Sia 
residue onto the C-6 position of the proximal GalNAC residue. Then this second Sia residue 
is transferred by Sia alpha2, 8-sialyltransferase to the C-8 position of the first Sia residue and 
catalyzes the formation of diasialyl groups. Finally, alpha 2, 8-polysialyltransferase forms 
alpha 2, 8-linked polysialic acid chains on O-glycan of PSGP (Asahina et al., 2004). The 
ST6GalNAC mRNA expressed in varieties of organs, for example, heart, intestine, spleen, 
kidney and very high expression was found in the ovary of the rainbow trout (Oncoryhchus 
mykiss) as reported by Asahina et al. (2004). They concluded that ST6GalNac gene of the 
rainbow trout is transcriptionally regulated in the ovary. This experiment discovered for the 
fisrt time, ST6GalNACIII, which is one of ST6GalNAC, in the liver of the rainbowfish. The 
results showed 204 base pairs homologue to puffer fish (Takifugu rubripes). The regulation 
of the ST6GalNACIII gene in the rainbowfish could be of further interest. 
• Vitellogenin 1 (Vtg 1) mRNA is one of the most useful as a molecular marker to 
detect environmental contamination by the endocrine disruptive chemicals. It is one of the 
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estrogen responsive genes in many organisms (Flouriot et al., 1996; Andreassen et al., 2005). 
In this experiment, two fragments of Vtg transcript were collected from clone MF0919 and 
MF0530 and stored for further use in expression analysis following estrogen exposure 
experiment (Chapter 4).  
• Clone MF0141 shared a significant similarity with the zona pellucida protein Ba 
mRNa in Sparus aurata. Zona pellucida protein is one of the egg shell proteins found in 
bony fish. The use of egg shell proteins, such as zona pellucida (ZP), zona radiata (ZRP) and 
vitelline envelope (VEP), as biomarkers in response to estrogenic substances has emerged 
(Westerlund et al., 2001; Arukwe et al., 2002; Berg et al., 2004). Berg et al. (2004) reported 
that the expression of Arctic char ZP mRNA level following 17β-estradiol injection showed 
a rapid increase within 2-6 hours post exposure. 
• Clone MF068, 1200 and 1288 were similar to a gene coding for apolipoprotein 
(ApoA-IV1) involved in lipid metabolism. Apolipoprotein including apoA-I, apoAII, apoA-
IV, apoB, apoC-I, apoC-II, apoC-III, apoC-IV and apoE are well researched for their 
function in lipid transport (Kondo et al., 2005). The apolipoprotein mRNA was found to be 
one of the genes regulating estrogen, or estrogen responsive elements (EREs). Researchers 
found that apolipoprotein mRNA (ApoA1) showed up-regulation in livers of hens (Wiskocil 
et al., 1980) and sea bream (Pinto et al., 2006) in response to estrogen treatment. However, 
the mechanisms were not understood. 
• Two clones representing similarity to membrane guanylyl cyclase OIG2. Guanylyl 
cyclase was recently used as a molecular marker in human colorectal cancer research (Frick 
et al., 2005). Krumenacker et al. (2001) reported that estrogenic compounds regulated the 
soluble guanylyl cyclase (sGC) pathway. They found the diminishing of sGC mRNA level 
resulted only 1 hour after oral administration of E2 in rat, and maximum response was found 
3 hours post exposure. The sGC protein levels also responded to E2 exposure over a similar 
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time course to the sGC mRNA. The transcript could potentially be used as a molecular 
marker of estrogenic exposure.  
Miscellaneous  
• Dipeptidyl peptidase IV or dipeptidyl-peptide hydrolase removes N-terminal 
dipetides sequentially from polypeptides having an unsubstituted N-termini (NC-IUB, 1981). 
A clone MF0811 gave a translational blast to amino acid sequences similar to dipeptidyl 
peptidase IV.  
• Onecut domain or onecut transcription factors have a function during the 
development and differentiation of cells of the central nervous system. The genes have been 
found across the phyla of deuterostomes i.e. chordates, echinoderms and the hemichordates 
as they have been shown to be monophyletic (Poustka et al., 2004). The fly, worm, ascidian 
and teleost fish, the onecut genes are exclusively expressed in the cells of the central nervous 
system (CNS). A translation of mRNA fragment of Clone MF0979 represented a similarity 
of onecut domain, family member 1, like protein in the zebrafish (Danio rerio). 
• Reverse transcriptase-like protein is involved in reverse transcription. Clone MFp10t 
represented a translated amino acid sharing similarity to this enzyme in Japanese pufferfish 
(Takifugu rubripes). 
• Clone MFtestQ were similar to the gene coding for SocE (Store-operate calcium 
entry) protein in Myxococcus xanthus. It has been found that SocE protein could maintain 
cells in a growing state, and could have effects on the stringent response (Crawford Jr and 
Shimkets, 2000).  
• Clone no. MF0115 represented a translated mRNA fragment that is similar to Reo_6 
protein in medaka fish (Oryzias latipes). This protein has not been well characterized. It 
could be involved in the major histocompatibility complex (MHC) Class I genomic region of 
medaka (Matsuo et al. 2002).  
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• Clone no. MF0722 encoded a translated fragment that shared similarity to 
polyprotein in green puffer fish (Tetraodon nigroviridis). Polyprotein is the protein that was 
cleaved after synthesis to produce several functional distinct polypeptides  (Douglass et al., 
1984). Portin (2002) has reported that polyprotein genes are widely found in viruses and also 
multicellular eukaryotes, for example, neuropeptide genes for mammals and a proline-rich 
protein of salivary glands. 
•  Genes identified by blasting with EST database 
The result of ESTs with sequences similar to entries in the GenBank EST database 
identified by BlastN search revealed a clone representing a transcript homology to Cathepsin 
E precursor mRNA in Fundulus heteroclitus.  Cathepsin E is one of four immunologically 
distinct groups of aspartic proteinases found in human gastric mucosa (reviewed by Azuma 
et al. (1992). Cathepsin C mRNA was found to be a biomarker of arsenic exposure due to its 
changing in a dose-responsive manner in mummichogs (Fundulus heteroclitus) (Bain and 
Gonzalez, 2005). The cathepsin H and L transcripts appeared to decrease as vitellogenesis 
advanced. It is therefore interesting to investigate the function of this gene and whether it is 
involved in applications relevant to ecotoxicology.   
The functions of the remaining group giving a reasonable match with EST database (>50 
bp homology, and <10-5 E-value) as listed in Table 3.5 remained unknown. Further 
investigation of EST would be possible with the enlargement of the sequence entries from 
organisms deposited in databases.  
3.4.4 Comparison of the cDNA library from M. fluviatilis and other libraries 
The type of tissue or organ used for the construction of a cDNA library is important 
as organs or tissues vary significantly in their profile of mRNA molecules found within cells 
at any given time. As a result these libraries will vary in their composition and range of 
cDNA molecules reflecting variation in gene expression in the tissues or organs at the time 
of mRNA isolation. A number of different tissues including brain, heart, intestine, kidney, 
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liver, spleen, gonads and muscle have been dissected from fish and used to investigate the 
localization of specific mRNA transcripts (Kondo et al., 2005). Moreover, a cDNA library 
from the whole body of a small organism should reflect the entire population of transcripts at 
any given time in any organ of the organism as suggested in Lee et al. (2005b). These 
authors used the analysis of ESTs in the  copepod (Tigriopus japonicus) identifying several 
potential detoxification-related genes.   
The functions of a liver includes regulation of metabolism, synthesis of plasma 
proteins, energy storage, storage of certain vitamins and trace metals and excretion of 
xenobiotics (Hinton et al., 2001; Lawrence et al., 2003). It is known to be the site where 
detoxifications via phase I and phase II biotransformation occur (Gravato and Santos, 2003; 
Koehler et al., 2004). Therefore any responses to toxicants are likely to be reflected in 
changes in gene expression and transcript populations in the liver. Examples of studies using 
fish livers to detect and quantify P450 content and EROD activity as phase I 
biotransformation parameters are Gravato and Santos (2003). Phase II biotransformation 
enzymes involved in conjugation products from phase I in order to eliminate toxicity, include 
glutathione-S-transferase (SoleSolé et al., 2003). As a first step to create cDNA library in this 
study, non-challenged rainbowfish livers are used to obtain a transcript profile or gene pool 
from the animal. Examples of gene profile studies using non-challenged or unexposed 
organisms have been widely reported in (Carson and Botha, 2000; Wistow et al. 2002; Peng 
et al., 2003a; Lee et al., 2005a; Okada et al., 2006; Pi et al., 2006). These studies were aimed 
at generating a micro array platform. Lee et al. (2005b) created a cDNA library in whole 
body tissue of copepod (Tigriopus japonicus) from non-challenged animals so that most of 
expressed cDNA information from T. japonicus could be obtained.  These authors found a 
number of genes responsible for normal functions in the copepod, such as the aquaporin gene 
that may play an important role in controlling the salt concentration of this euryhaline 
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species, and a number of nuclear binding proteins. Expression of these genes was then 
examined relative to housekeeping genes found in the cDNA library.   
Of 1,300 clones selected, 94 ESTs were identified from the cDNA library, including 
the ESTs that could be utilized as molecular markers in ecotoxicology. Examples of these 
ESTs include the genes coding for vitellogenin, zona pellucida protein, guanylyl cyclase, 
apolipoprotein, sialyltransferase and cathepsin E. The first three, all estrogen responsive 
genes have been used in molecular ecotoxicology in aquatic species (Krumenacker et al., 
2001; Rotchell and Ostrander, 2003 Knoebl et al., 2004; Frick et al., 2005), and as such these 
are potential molecular markers that could be evaluated in toxicological studies on M. 
fluviatilis. The application of these EST clones in the examination of the physiological 
responses of M. fluviatilis to toxicants is the basis of other work reported in this thesis 
(Chapter 4). 
The isolation of a number of EST markers that could potentially be used in 
ecotoxicology from the cDNA library of M. fluviatilis affords the opportunity to study the 
responses of a large number of genes in this organism after exposure to toxicants. With 
recent advances in microarray, expression profiles can be examined simultaneously, 
however, these studies are costly, difficult to optimize and at times the data obtained is hard 
to reproduce. Furthermore they rely on specialist equipment and facilities. As a first step in 
the application of molecular marker to study responses to toxicants in the liver of M. 
fluviatilis, this current study focused initially on examining the changes in gene expression of 
a single gene known to be responsive upon estrogen exposure, i.e. vitellogenin; and 
attempted to quantify changes in transcripts level relative to a known housekeeping gene the 
18S ribosomal RNA. These results are reported in Chapter 4 and the ESTs identified from 
liver of the rainbowfish in this Chapter would form the basis of futher molecular studies 
potentially using these recently developed high throughput array technologies.  
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The enrichment process could result in a relatively high number of expressed 
transcripts as indicated in Craft (2004), Coram and Pang (2005) when plant samples were 
challenged with a pathogen. Their process was proven to increase the probability of cloning 
plant expressed transcripts involved in disease responses with a high number of redundancy. 
On the other hand, an example in Carson and Botha (2000) reported employing a non-
enriched library to isolate genes for genetic manipulation. This consisted of 250 sugarcane 
sequences and possessed only one target EST. The enrichment library could therefore, be 
employed as a first step to enhance gene expressions with respect to a specific challenge in 
Rainbowfish. However, the screening method could be a factor largely influencing cDNA 
clones analysis as reported by Ashrafuzzaman et al. (2005). These authors found a high 
number of unclassified sequences (41%) even though the plants were initially challenged by 
heat shock treatment. They suggested that the screening method could be the cause of this. A 
possible method to obtain more gene sequences was explained in Vettore et al. (2003) by 
creating 26 cDNA libraries from different tissues and undertaking large-scale sequence 
analysis (260,000 clones). This global sequence analysis revealed that over 90% of 
sugarcane-expressed genes were tagged. However, this method could be time and labor 
intensive.  
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Chapter 4 Expression of vitellogenin mRNA 
4.1 Introduction 
Estrogens are key hormones that play important roles in developing and maintaining 
the sex characteristics in females of many vertebrates (Hoar and Randal, 1969). When an 
organism is exposed to estrogenic compounds, genes called “estrogen-responsive genes” 
(Islinger et al., 2003) are regulated and this response occurs during normal growth and 
development, or as a response to exposure to xenoestrogenic compounds. Estrogen 
responsive genes that have been studied in teleost fish include: vitelline envelope protein 
genes (Westerlund et al., 2001), estrogen receptor genes (Sabo-Attwood et al., 2004) and the 
focus of this present study, the vitellogenin genes (Bowman et al., 2000). 
Vtg protein is widely used as a biomarker and measurement has been well developed 
using techniques such as western blot analysis, radioimmunoassay (RIA) and enzyme-linked 
immunosorbent assay (ELISA) (Soimasuo et al., 1998; Tolar et al., 2001; Kleinkauf et al., 
2004). These techniques have been widely used in some teleost fish such as common carp 
(Cyprinus capio), fathead minnow, zebrafish and Japanese medaka (Nilsen et al., 2004; 
Yamaguchi et al., 2005) to measure protein levels. However, the measurement of Vtg protein 
in blood plasma is not easily applied to some fish species due to the small volumes of blood 
obtainable from small species. Since Arukwe et al. (2001) reported that changes in Vtg gene 
expression could be detected almost immediately after estrogenic compound exposure, Vtg 
gene expression has been measured and utilized as a sensitive marker of exposure to EDCs 
in  fish. 
Chapter 3 reported for the first time the isolation of a cDNA fragment encoding the 
vitellogenin protein from M. fluviatilis. It is now possible to use this cDNA probe to measure 
changes in vitellogenin gene expression in this organism as a response to estrogenic 
chemicals. As detailed in Chapter 2, M. fluviatilis were exposed to 17β -estradiol and this 
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Chapter reports on experiments performed to examine the response of the M. fluviatilis Vtg 
gene to admistration of the estrogenic hormone.  
Measurement of gene expression can be performed using a number of techniques, 
including traditional hybridization analysis such as northern blots, slot or dot blots. In these 
studies specific gene expression needs to be quantitated relative to some other control i.e. the 
gene expression levels of a housekeeping gene such as an 18S ribosomal RNA or the 
GAPDH gene. However, whilst these methods have been widely used, they lack the 
sensitivity to estimate the absolute levels of expression of some genes that are expressed at 
low levels.   
The recently developed semi-quantitative Reverse-Transcription Polymerase Chain 
Reaction (RT-PCR) is considered a sensitive and highly specific method that is useful for 
detection of mRNA levels down to only a few copies of the specific mRNA molecule per 
cell, or for the analysis of limited amounts of a biological sample (Marone et al., 2001). 
Recently, a high throughput and reportedly simple and rapid protocol that can detect very 
low mRNA expression, RT-PCR using fluorescent dyes has been introduced (Nadia et al., 
2004; Nagy et al., 2005; Persson et al., 2005). This method has been called real time RT-
PCR. Hein et al. (2001) reported the advantages of using real time RT-PCR to analyze 
murine gamma interferon (IFN)-gamma mRNA expression in splenocytes over semi-
quantitative non-competitive RT-PCR, northern blot analysis and ELISA. They found that 
the method not only offered the high sensitivity that allowed the detection of small amount 
of transcripts (unstimulated samples), but also provided the lowest interassay variability of 
all techniques investigated.   
This Chapter reports on the results of the application of all of these techniques to 
examine changes in Vtg transcript levels in M. fluviatilis liver tissue over time, after exposure 
to 17β-estradiol. The accuracy, validity and reproducibility of these three assays will be 
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examined and compared and the use of them as potential tools for wider application in 
aquatic ecotoxicology will be discussed. 
4.2 Materials and Methods 
Exposure of the fish was described in Chapter 2, and these fish were sacrificed for the 
livers for this experiment and blood for the following Chapter.  
4.2.1 Northen blot analysis 
• Target RNA preparation 
The total RNA was extracted from the livers of the experimental fish exposed to 
doses of 2 µg/g body weight, and 5 µg/g body weight, according to the manufacturer’s 
protocols (RNeasy Midi Kit#75142, Qiagen, Australia). Loading buffer (Appendix A) was 
added to samples, followed by denaturation at 65oC for 7 minutes. The 6X loading dye 
(Appendix A) was then mixed with the samples and the mixture loaded into the well of a 
formaldehyde gel containing 1.2% (w:v)agarose (Progen, Australia). The samples were 
electrophoresed in 1X FA buffer (Appendix A) at 100 V for 15 minutes to move the samples 
into the gel. Then the running voltage was lowered to 10 V to fractionate the total RNA 
overnight. 
After that, the gel was trimmed, marked for orientation and transferred to a clean 
container containing 20X SSC (Appendix A) to remove formaldehyde. The gel was soaked 
into the solution for 20 minutes with gentle agitation on an orbital shaker at room 
temperature (Ratek, Australia).   
• Blotting protocols 
A 3MM Whatman® filter paper was cut to create a wick between two plexiglass 
reservoirs. Each reservoir was half filled with 20X SSC, and the paper was hung between 
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them and allowed to soak up the buffer. Air bubbles were removed by rolling a clean glass 
tube over the wick.  
The gel was inverted onto the centre of the wick and air bubbles trapped between the 
gel and the paper were removed using a glass tube as described earlier. Then the gel was 
surrounded by saran wrap (Clingfilm).  
The nitrocellulose membrane, Hybond-N+ (#RPN303B, Amersham Biosciences, 
Germany), was cut about 1 mm larger than the gel in all dimensions, and placed onto the gel 
carefully avoiding any air bubbles. Two pieces of 3MM Whatman® filter paper were cut to 
the gel size and placed on the top of the membrane. Finally, a stack of paper towel was 
placed on the top of the filter paper and weighted down evenly over the gel with a 500 g 
weight.  
After 16-24 hours, the assembly was dismantled and the membrane placed onto a 
piece of 3MM Whatman® filter soaked with 2X SSC. The nucleic acid deposited on the 
membrane was then fixed by UV radiation (TM 36, Ultra-Violet Products, INC., California, 
U.S.A.) for 30-45 seconds. The membrane was put between two clean sheets of 3MM 
Whatman® filter paper, air-dried and stored at 4oC.  
• Probe preparation 
The probes were constructed from three mRNA fragments coding 18S RNA, 
GAPDH and vitellogenin. The plasmids containing these inserts were amplified using T7 
and SP6 primers (Geneworks, Australia) by PCR as described in Chapter 2. The amplified 
products were electrophoresed on a 1.5% (w:v) agarose gel (Appendix C). Fragments of the 
correct size were removed from the gel and extracted using Qiagen gel extraction kit 
(#28704, Qiagen, Australia). The fragments were re-amplified using the same PCR protocol 
described in Chapter 2 to produce more products. Finally, these re-amplified fragments were 
purified using Qiaquick gel extraction kit (#28704, Qiagen, Australia) and stored at –20oC 
until required. 
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The re-amplifed fragments were visualized on a 1.5%(w:v) agarose gels again to 
check the purity. A 100-fold dilution of each sample was quantified by reading absorbance at 
wavelength 260 nm and 280 nm. in a spectrophotometer (Cary50 Bio UV-visible 
spectrophotometer, VarianTM, Australia) and the yield was calculated according to Qiagen’s 
manual. Then the fragments were labelled with digoxigenin according to manufacturers 
instructions,  using the DIG High Prime DNA labelling and detection starter kit II 
(#1585614, Roche Applied Science, Germany).  
• Hybridization 
The membrane was pre-hybridized with hybridization solution supplied with the DIG 
High Prine DNA labeling and detection kit II (#1585614, Roche Applied Science, Germany) 
at 50oC in a hybridization oven (Hybaid, U.S.A.) for 1 hour. The probe was prepared during 
the pre-hybridization process by denaturing in boiling water for 10 minutes, and then quickly 
chilling on ice. The denatured probe was added to the hybridization solution and 
hybridization was left to proceed overnight.  
• Stringency washes 
After hybridization, the membrane was washed twice with low stringency buffer (2X 
SSC, 0.1% SDS (w:v)) at room temperature for 5 minutes each time in a hybridization roller 
tube (Hybaid) on an orbital shaker (Ratek, Australia). The low stringency wash buffer was 
poured off and immediately replaced with pre-warmed (50oC) high stringency buffer (0.1X 
SSC, 0.1% SDS (w:v)) for two washes of 15 minutes each at 50oC in the Hybaid oven.  
• Chromogenic detection 
The membrane was removed from the tube and submerged in washing buffer (DIG 
wash and block buffer set, #1585762, Roche Applied Sciences, Germany) for 5 minutes with 
gentle agitation on orbital shaker. The 1X blocking solution was freshly prepared during this 
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time by diluting 10X blocking solution (#1585614, Roche Applied Sciences, Germany) with 
Maleic acid buffer (#1585762, Roche Applied Sciences, Germany). The membrane was 
submerged in the 1X blocking solution for 1 hour with gentle agitation at room temperature 
to prevent non-specific binding of the conjugate. 
The Anti-Digoxigenin-AP (#1585614, Roche Applied Sciences, Germany) was 
centrifuged for 3 minutes at 10,000 rpm before 6 µl was carefully pipetted from the surface 
of the solution and added to 20 mL of 1X blocking solution to make the antibody solution at 
the end of blocking process. The blocking solution was discarded and replaced with the 
antibody solution. The membrane was incubated into this solution for 30 minutes with gentle 
agitation at room temperature.  
The membrane was washed twice in washing buffer for 15 minutes each time with 
gentle agitation. It was then equilibrated in 20 mL of detection buffer (#1585762, Roche 
Applied Sciences, Germany) for 3 minutes before adding 400 µL of the colour NBT/BCIP 
substrate (#1681451, Roche Applied Sciences, Germany) and gently swirling to mix. The 
membrane was incubated into the solution for 16-24 hours in the dark at room temperature 
without agitation. 
The membrane was rinsed with TE buffer (Appendix A) for 5 minutes to stop the 
reaction. The blot was then scanned for documentation. The membrane was stored in TE 
buffer until stripping.  
• Stripping of the membrane 
A minimal quantity of dimethylformamide was used to submerge the membrane and 
this was then heated in a fume hood to 50-60oC. The membrane was incubated into heated 
dimethylformamide until the blue colour was removed. It was then rinsed in DEPC treated 
water and washed twice (2X, 20 minutes) at 37oC in stripping buffer (Appendix A). Finally 
the membrane was rinsed in 2X SSC for 5 minutes. The membrane was either re-probed with 
the second DIG-labelled probe or stored wet in 2X SSC until required.  
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4.2.2 Semi-quantitative PCR 
• Primer design and sensitivity  
Primers for the gene of interest were designed using the Primer 3 program in 
Biomanager (Angis.org.au). The sequence of fragments coding genes of interest (Vtg, 
GAPDH and 18S rRNA) were entered into the program. Table 4.1 shows primers derived 
from these genes. 
The primers were tested on cDNA using normal PCR. The cycle of the PCR was as 
shown below: 
Incubation   94oC     5 minutes 
Then 30 cycles: 
Denaturation    94oC     30 seconds 
Annealing   52oC    30 seconds 
Extension   72oC      1 minute 
After that:  
Incubation    72oC       5 minutes 
Storage   4oC  
PCR products were visualized on a 1.8% (w:v) agarose gel. Bands of expected sizes 
were excised, cleaned, and finally amplified using T7 primers and the ABI Prism Big Dye 
Terminator sequencing kit version 3.1 (Applied Biosystems, Australia). The final products 
were sent off for sequencing at Monash University to verify the sequence identity and the 
specificity of the designed primers. 
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Table 4.1 : Primers designed for the gene of interest. 
Plasmid 
code 
Coding 
for 
Primer code Sequence (5’-3’) Melting 
temperature 
(oC) 
Note 
MF919 Vtg MF919_f1 TGGTAACAAC
GCAGAGTAGC 
52 Forward 
MF919 Vtg MF919_r1 CATGCAGTTG
AAGCCAACAG 
52 Reverse 
MF311 18S rRNA MF316_f1 TGGAATAGGA
CTCCGGTTCT 
52 Forward 
MF311 18S rRNA MF316_r1 CGACGGTATC
TGATCGTATT 
52 Reverse 
MF929 GAPDH MF929_f1 ACACCCACTC
CTCCATCTTT 
52 Forward 
MF929 GAPDH MF929_r1 GTTGCTGTAG
CCGAACTCAT 
52 Reverse 
 
• Optimization of PCR  
Total RNA samples were reverse transcribed in vitro using an oligo dT primer 
adaptor (1.13 µg/µL) and Powerscript II reverse transcriptase (BD Biosciences Clonetech, 
U.S.A.). A total of 1 µg total RNA was added to a mixture of dTT and 5X first strand buffer. 
It was then incubated in a thermocycler (PerkinElmer 2400) at 42oC for 90 minutes. The 
mRNA of Vtg, together with 18S rRNA gene and GAPDH mRNA as housekeeping genes in 
first strand cDNA, were further amplified by PCR using specific primers designed earlier in 
 103 
section “Primer design and sensitivity”. PCR conditions were optimised for every set of 
primers for each of the parameters below. 
a) Annealing temperature: Sets of primers were used in a gradient PCR to determine the 
optimum annealing temperatures. Based on annealing temperatures given by Geneworks, a 
12 temperature gradient program was run in a 0.2 mL tube with temperatures of 45.1oC, 
45.5oC, 46.3oC, 47.7oC, 49.4oC, 51.4oC, 53.5oC, 55.5oC, 57.6oC, 59.0oC, 59.7oC and 60.2oC 
in a PCR express thermocycler (ThermoHybaid). The template used was cDNA.  
b) MgCl2 Concentration: Table 4.2 indicates the experimental design. The template was 
the first-strand cDNA created from pooled total RNA samples. 
c) Primer concentration: The optimum primer concentration was investigated using 0.8 
µM and 0.4 µM final concentration of each primer. 
A total of 5 µL of each PCR product was electrophoresed at 70 V on 1.5% (w:v) 
agarose gel. After staining for 5-10 minutes and destaining for 10 minutes, the gel was 
visualized under the UV transluminator (Bio-Rad, Australia). 
 
Table 4.2: Experiment for MgCl2 optimization. 
Final Concentration of MgCl2 Dilution of the 
first-strand cDNA  M1 (2.4 mM) M2 (1.5 mM) M3 (1mM) 
D1 (1:200) M1D1 M2D1 M3D1 
D2 (1:20) M1D2 M2D2 M3D2 
D3 (1:2) M1D3 M2D3 M3D3 
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4.2.3 Real-Time PCR (QPCR) 
• Preparation of standard curves 
An assessment of standard cDNA concentration for the housekeeping gene (18S 
rRNA) and Vtg mRNA was constructed by preparing 10-fold dilutions of the pGEM-T easy 
vector containing the cDNA of these genes. The quantity of the vector was determined 
spectrophotometrically at 260 nm under DNA/RNA quantification as described in total RNA 
quantification (Chapter 3). The copy numbers were calculated (Appendix E.2). Standard 
curves were prepared individually from ten-fold dilution of plasmids bearing 18S rRNA gene 
and Vtg mRNA.  
• Preparation of the template 
The on-column DNase treatment was performed to eliminate DNA contamination in 
the samples using a DNase Kit (Qiagen, Australia). A total of 1 µg purified total RNA 
samples were converted in vitro into cDNA using the reverse transciptase enzyme. The 
controls were total RNA that was not reverse-transcribed (RT- control) and sterile MilliQ 
water. 
The total RNA (1 µg) was reverse transcribed into the first-strand cDNA following a 
protocol of the PowerScript RT kit (BD Sciences, U.S.A.). The oligo dT(16) primers 
(#10814270001, Roche, Germany) was added to the reaction tube. The reaction was carried 
out at 42oC for 90 minutes in a Gene Amp PCR system 2400 (PE Applied Biosystems), 
followed by denaturing of the enzymes at 99oC for 10 minutes and cooling at 4oC. The 
resulting cDNA (10 µl) was purified by a PCR purification kit (#28104, Qiagen, Australia) 
before being kept at –20oC prior to use. The first-strand cDNA was diluted to 5% (v:v) (or 
1:20 dilution) for RT-PCR optimization 
• PCR reactions 
The primers were prepared from 100 µM stocks to the final concentration of 0.1 µM 
forward Vtg and 0.2 µM reverse Vtg, 0.3 µM forward 18S rRNA and 0.6 µM reverse 18S 
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rRNA in each respective PCR reaction. A total of 5 µl of the cDNA dilution prepared as 
described above was used in each PCR reaction along with the primers at concentration 
described, and 12.5 µL SYBR Green™ I master mixture (#170-88012.5, Bio-Rad 
laboratories, U.S.A.). Each reaction was made up to 25 µL with water. 
The real-time PCR was performed in iCycler™ (Bio-Rad laboratories, U.S.A.) as 
follows: 
Cycle 1:  Incubation   94oC    5 minutes 
Cycle 2:  Thirty nine cycles of three steps: 
Denaturation    94oC    30 seconds 
Annealing   61.5 oC  30 seconds 
Extension   72oC   1 minute 
Cycle 3:  A hundred cycles of   95oC    10 seconds Decrease 
setpoint temperature after cycle 2 by 0.5oC. 
Cycle 4:  Storage 4oC        
Product identification by melting curve analysis was supported by visualization 
following agarose gel electrophoresis (3% (w:v) agarose).  
4.3 Results 
4.3.1 Observation of post exposure fish 
 Rainbowfish (eight fish) were given 2 doses of E2 injection, 2 µg/g and 5 µg/g body 
weight. There was no mortality found in the fish receiving lower dose of injection (2 µg/g). 
The fish were fed with the nauplii of brine shrimp (Artemia salina) and fish flake throughout 
the experiment. All of the fish that received the lower injection dose fed well. No stress was 
observed in this group.  
 The fish that received the higher dose (5 µg/g) exhibited some stress, the colour of 
their bodies were faded and they did not feed well. The experimental fish tended to swim at 
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water surface. The rate of fanning was slower compared to those fish that received the lower 
dose injection. Experimental fish that received the higher dose showed reduced appetites and 
more than 50% died during the first 24 hours after injection. Therefore, the experiment with 
this group had to be terminated after 24 hours of exposure.  
 There was no stress found in either of the control groups, with no injection or injected 
with corn oil. The fish in these groups were normal compared to the higher dose receivers. 
There was no mortality found in these groups. 
4.3.2 Total RNA integrity 
 The total RNA extracted from individual fish livers was quantified and run on a 
denaturing gel containing formaldehyde (FA gel) (Appendix C) as shown in Figure 4.1. The 
low ration of the total RNA product would be a result from using water as diluent instead of 
TE buffer when reading the absorbance as stated in Qiagen’s RNeasy Midi Kit. The total 
RNA to be used in the northern blot experiment did not undergo DNase treatment. Only the 
total RNA that required to be reversed transcribed was treated using DNase kit (#79254, 
Qiagen, Australia). 
 It was shown that acceptable quality of total RNA in the samples was achieved 
judged by the intensity of 28S and 18S rRNA bands that usually appears in most RNA 
products. The quantification of total RNA was measured spectrophotometry and is shown in 
Table 4.3. The 260-280 nm ratio of total RNA was between 1.2-1.6 (generally 1.4) reflecting 
some protein contamination in the raw total RNA samples. The RNA yields varied 
considerably as shown in Table 4.3. Some samples were discarded due to no, or very low, 
yields.  
The samples with an acceptable range of total RNA quality (1.4-1.6) were pooled, by 
pipetting 1 µg of each sample (n= 4) into a new eppendorf tube. These pooled samples were 
used for northern blot analysis and the PCR based experiments.  
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Figure 4.1: Integrity of total RNA extracted from experimental fish using Qiagen kit 
loaded on 1.2% (w:v) agarose denaturing gel. Dose 1 refers to injection dose at 2 µg/g 
fish. Dose 2 refers to injection dose at 5 µg/g fish. A total of 1 µg was loaded in each 
lane.  
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Table 4.3: Quantitation of the total RNA extracted from M. fluviatilis’liver using 
QIAGEN RNeasy Midi Kit. 
Sample  Code A 260 A280 Ratio µg/mL 
Yield. 
(µg) 
3 Ctrl, 0 hr, R1 0.1125 0.0781 1.44 450 112.5 
13 Ctrl, 0 hr, R2 0.0873 0.0624 1.3988 349.2 87.3 
14 Ctrl, 0 hr, R3 0.0484 0.0293 1.6477 193.6 48.4 
15 Ctrl, 96 hrs, R1 0.108 0.0749 1.4412 432 108 
9 D1, 12 hrs, R1 0.1194 0.0837 1.4265 477.6 119.4 
18 D1, 12 hrs, R3 0.051 0.036 1.4177 204 51 
8 D1, 12 hrs, R4 0.3168 0.2164 1.4643 1267.2 316.8 
7 D1, 24 hrs, Female 0.1344 0.0921 1.4595 537.6 134.4 
2 D1, 24 hrs, R4 0.087 0.062 1.4035  348 87 
4 D1, 24 hrs, R4 0.1855 0.1283 1.4455 742 185.5 
16 D1, 24 hrs, R5 0.0169 0.0129 1.3123 67.6 16.9 
5 D1, 96 hrs, R4 0.0509 0.037 1.3773 203.6 50.9 
11 D1, 96 hrs, R5 0.1802 0.1247 1.4453 720.8 180.2 
6 D2, 12 hrs, R1 0.1112 0.0779 1.4283 444.8 111.2 
12 D2, 24 hrs, R4 0.132 0.0909 1.453 528 132 
1 D2, 24hrs, R3 0.0992 0.0784 1.2656 396.8 99.2 
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4.3.3 Quantification of the genes 
• Optimization of PCR for Semi-quantitative PCR 
a) Annealing temperature  
The cDNA from the library constructed using liver total RNA was used as a template 
for testing the optimum annealing temperature of primers. The result of testing is illustrated 
in Figure 4.2.  These results show that the primers amplified the expected 189 bp Vtg 
fragment and 208 bp 18S rRNA fragment, and 101 bp GAPDH fragment  at 101 bp. Non-
specific amplifications as well as the specific products can be seen. The expected band 
amplified with Vtg primers, after sequence analysis, showed 89% similarity to the Vtg 
mRNA of Verasper moseri (gi/62241077/dbj/AB181833.1/). The expected band amplified 
with 18S rRNA primers showed 98% similarity to the Rhinobatos productus 18S rRNA 
(gi/19068005/gb/AY049852.1/). The primers for GAPDH yielded the amplified product as 
expected at 101 bp sharing 96% similarity to Dicentrarchus labrex partial mRNA for 
glyceraldehydes 3-phosphate dehydrogenase (GAPDH) (gi/32127537/emb/AJ567450.1 
/DLA567450) in the Genbank database. These high levels of homology indicate that the 
amplification products were almost certainly rainbowfish genes for Vtg, 18S rRNA and 
GAPDH, respectively. 
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(A) Amplification products from Vtg primers 
 
                 
(B) Amplification products from 18S rRNA primers  
 
     
(C) Amplification products from GAPDH primers 
Figure 4.2: The results of annealing temperature optimization for PCR. The Gradient 
PCR was performed with designed primers and the products of expected sizes indicated 
by the arrows. The gradient temperatures (45.1-60.2oC) were shown on the top of the 
Figures. 
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Non specific products 
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b) Optimization of MgCl2 and template concentration in PCR 
The results from the optimization of concentrations of the first-strand cDNA template 
were shown in Figure 4.3. It was indicated that the Vtg primer set could be used to amplify 
the Vtg fragment (expected band of 189 bp) at an anealing temperature 60.5oC from 1:200 
and 1:20 first-strand cDNA dilution. Non-specific amplification in 1:2 first-strand cDNA 
dilution. There was evidence of the primer dimers on the gel appeared as less than 80 bp 
products.  
The effect of MgCl2 concentration in the PCR reaction is illustrated in Figure 4.3. 
The results show specific bands in the 1 mM MgCl2 (final concentration). At a final 
concentration of 2.5 mM MgCl2, the amplifications of Vtg mRNA were not successful in all 
cDNA dilutions as shown in lane 1, 4, 7, 19, 22 and 25. In these lanes, the products appeared 
as smears. 
The results indicated that 1 mM MgCl2 was suitable for the Vtg primer set. 
Therefore, it was used to determine optimum cycling number for the PCR, as shown in an 
example of amplification using 18S rRNA primer set in Figure 4.4. The plateau effect was 
found as early as 26-29 cycles in 18S rRNA and 31-34 cycles in GAPDH amplification (data 
not shown), whereas it was found at 33-36 cycles in Vtg amplification. Therefore, a PCR 
were of 33 cycles was selected for all primer sets.   
c) Optimization of primer concentration in PCR 
Amplification of the GAPDH fragments using different final concentrations of the 
designed primers is shown in Figure 4.5. It was shown that the optimum concentration of 
primers could be either 0.4 or 0.8 µM since these concentrations showed similar performance 
in amplifying the target. The final concentration of primers at 0.4 µM was selected to be used 
in the PCR reactions.   
d) Adjusted protocols 
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The adjusted protocol was applied to semi-quantitative PCR. The ingredients of this 
adjusted protocol for one reaction at the final volume of 25 µl was as follows: 
10x PCR buffer   2.5 µL      
50 mM MgCl2    0.5 µL (final concentration 1 mM) 
1 mM dNTP mix   6.0 µL 
10 µM forward primer    1 µL (final concentration 4 µM) 
10 µM reversed primer  1 µL (final concentration 4 µM) 
Taq DNA polymerase   0.2 µL 
Template (1/20 dilution)  5.0 µL  
MilliQ water    8.8 µL 
Then the reactions were subjected to PCR as follows: 
Denature  94oC  5 minutes 
Then 33 cycles of: 
 94oC  30 seconds 
 60.5oC  30 seconds (derived from gradient PCR) 
 72oC  1 minute, then store at 4oC 
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Figure 4.3 Amplification of Vtg in different concentrations of MgCl2 and the first-
strand cDNA templates. The abbreviations were described earlier in Materials and 
methods.  
M 100 bp Marker M 100 bp Marker 
Lane 1 M3D3 Lane 19 M3D3 
Lane 2  M3D2 Lane 20 M3D2 
Lane 3 M3D1 Lane 21 M3D1 
Lane 4 M2D3 Lane 22 M2D3 
Lane 5  M2D2        Lane 23 M2D2           
Lane 6 M2D1 Lane 24 M2D1 
Lane 7 M1D3 Lane 25 M1D3 
Lane 8 M1D2 Lane 26 M1D2 
Lane 9 M1D1 Lane 27 M1D1 
Lane 10 M3D3 Lane 28 M3D3 
Lane 11 M3D2 Lane 29 M3D2 
Lane 12 M3D1 Lane 30 M3D1 
Lane 13 M2D3 Lane 31 M2D3 
Lane 14 M2D2        Lane 32 M2D2          
Lane 15 M2D1 Lane 33 M2D1 
Lane 16 M1D3 Lane 34 M1D3 
Lane 17 M1D2 Lane 35 M1D2 
Lane 18 M1D1 Lane 36 M1D1 
M 100 bp Marker M 100 bp Marker 
 
    M    1    2     3    4     5     6    7     8     9   10   11   12   13   14   15   16   17  18    M 
      30 cycles    25 cycles  
       M     19   20   21   22   23   24   25   26    27   28   29   30   31   32   33   34    35   36   M 
       40 cycles                 35 cycles 
 114 
 
Figure 4.4: Amplification of 18S rRNA from all first-strand cDNA samples in 1 mM 
MgCl2. There was a loading error in lane 14. 
M 100 bp Marker M 100 bp Marker 
Lane 1 D2, 24 hrs Lane 19 D2, 24 hrs 
Lane 2  D2, 12 hrs Lane 20 D2, 12 hrs 
Lane 3 D1, 96 hrs Lane 21 D1, 96 hrs 
Lane 4 D1, 48 hrs Lane 22 D1, 48 hrs 
Lane 5  D1, 24 hrs                   Lane 23 D1, 24 hrs                
Lane 6 D1, 12 hrs Lane 24 D1, 12 hrs 
Lane 7 Control 0 hr Lane 25 Control 0 hr 
Lane 8 Control 96 hrs Lane 26 Control 96 hrs 
Lane 9 Female Control Lane 27 Female Control 
Lane 10 D2, 24 hrs Lane 28 D2, 24 hrs 
Lane 11 D2, 12 hrs Lane 29 D2, 12 hrs 
Lane 12 D1, 96 hrs Lane 30 D1, 96 hrs 
Lane 13 D1, 48 hrs Lane 31 D1, 48 hrs 
Lane 14 D1, 24 hrs                Lane 32 D1, 24 hrs                  
Lane 15 D1, 12 hrs Lane 33 D1, 12 hrs 
Lane 16 Control 0 hr Lane 34 Control 0 hr 
Lane 17 Control 96 hrs Lane 35 Control 96 hrs 
Lane 18 Female Control Lane 36 Female Control 
M 100 bp Marker M 100 bp Marker 
 
 
    
    M    1    2     3    4     5     6    7     8     9   10   11   12   13   14   15   16   17  18    M 
            23 cycles             20 cycles  
        M     19   20   21   22   23   24   25   26    27   28   29   30   31   32   33   34    35   36     M 
           26 cycles                    35 cycles 
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 0.4 µM primers   0.8 µM primers  
 M    2.4 mM      1.5 mM      1.0 mM      2.4 mM      1.5 mM     1.0 mM  
 
Figure 4.5: A representative of PCR result amplified at different concentrations of 
GAPDH primers. A total of 5 µL of PCR products were loaded. The picture indicates 
effects of primer concentrations (0.4 and 0.8 µM) in 1, 1.5 and 2.4 mM MgCl2.   
 
• Results of Semi-quantitative PCR-pooled sample 
The adjusted protocol was applied to pooled samples of experimental fish. Templates 
used in this experiment were total RNA, or RT- control, and the first-strand cDNA. Positive 
bands of about 189 bp and 208 bp, consistent with expected sizes, were found in RT- samples 
amplified by Vtg and 18S rRNA primers, respectively (Figure 4.6). There was no difference 
between control (C0) and treated samples when relatively normalized to 18S rRNA and 
GAPDH amplifications (Figure 4.7). 
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(A) Vtg RT- 
 
(B) 18S rRNA RT- 
Figure 4.6: Amplification of  non-reverse transcribed sample (total RNA) via PCR 
using designed primers for Vtg in Panel A and 18S rRNA in Panel B.  
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Figure 4.7: Amplification of Vtg mRNA from 1 µg total RNA in all samples. The same 
template at 1 µg each was used for 18S rRNA and GAPDH amplification as indicated. 
The amplification products from 33 cycles are shown.  
 
GAPDH 
18S rRNA 
Vtg 
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• The quantitative Real-Time PCR (QPCR) 
A trial for selecting a housekeeping gene to use as an internal control for the Real-
Time PCR (QPCR) experiment was conducted. In amplification of 18S rRNA using SYBR 
Green™ I master mixture, the primers were able to amplify a single expected product of 
about 201 bp. This was consistent with the normal PCR result amplified by these primers. 
Amplification of GAPDH primers resulted in two distinctive bands at 101 bp as expected, and 
800 bp non specific bands. This additional band did not appear in normal PCR. As a result, 
GAPDH primers were not applied in the real-time PCR experiment. Absolute quantification 
was attempted to investigate the expression of Vtg transcripts in experimental fish.  
Absolute quantification:  
The amplification plots of the housekeeping (18S rRNA) and Vtg plasmid standard are 
shown in Figure 4.8. The threshold cycles where fluorescence emission increases over 
background signals was indicated. It was clear that the most concentrated plasmid exhibited 
early Ct compared to the most diluted plasmids.  
The standard curve resulting from the Ct plots against log concentration is illustrated 
in Figure 4.9. The amplification of Vtg plasmid dilutions exhibited low R2 value, however, 
the calculation was conducted according to these experimental data. The melting temperature 
(Tm) for the housekeeping gene (18S rRNA) was 84oC, whereas that for Vtg mRNA it was 
86oC suggesting the expected products were amplified (Figure 4.10). However, Figure 4.10 
(B), amplification of Vtg plasmid dilution, indicated minor peaks at 76, 68 and 58oC. This 
could be due to amplification of non specific products and primer dimers formation in the 
reactions.     
Amplification products were electrophoresed on 3% (w:v) agarose at 80 V. The results 
showed the increasing of band intensity only from 10 copies of plasmid to 107 copies (Figure 
4.11(B)). It was shown in this result that the more template copies presented, the less primer 
dimers appeared, as illustrated in the amplification of Vtg plasmid standard dilutions. 
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However, the other concern about QPCR was specificity of the primers. The Vtg primers did 
not show non-specific amplification in normal RT-PCR (Figure 4.11 (A)), but it appeared to 
be non-specific binding in QPCR especially when quantity of template was low. Figure 4.11 
shows the non-specific amplification in the most diluted sample, where only 10 copies of 
plasmid were used. 
 The templates used in this method were pooled samples from control groups and 
pooled samples of dose 1, 96 hours post exposure (D1-96 hrs) first-strand cDNA. Copy 
number of each gene, were calculated by interpolation of Ct of control group (calibrator 
sample) and Ct of treated group (tested samples) to each standard curve (Table 4.5). These 
results are shown in Table 4.6. Induction of Vtg mRNA (target) was calculated relative to 18S 
rRNA (endogenous control) as described: 
Normalized target (test sample)  = Target/Endogenous Ctrl 
      = 144/1.42E+08 
      = 1.02E-06 
Normalized target (calibrator sample) = 108/6.77E+07 
      = 1.60E-06 
Fold difference in target 
= Normalized target (Test samples)/Normalized target (calibrator samples) 
= 0.637 
The expression of Vtg mRNA exhibited a 0.637 fold difference compared to the 
housekeeping gene expression. Gel electrophoresis of the target gene showed similar band 
intensity in both control and D1-96 hrs group as shown in Figure 4.12. The amplification of 
the housekeeping gene, 18S rRNA, is illustrated in the same Figure. Negative controls (RT-), 
where total RNA was used as templates, of both Vtg and 18S rRNA amplification presented 
faint bands despite of DNase treatment was applied to the total RNA before being reverse 
transcribed  
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(A) 
 
 
(B) 
Figure 4.8: Amplification curve of housekeeping (18S rRNA) plasmid dilution (A) and 
Vtg plasmid dilution (B). The plasmid diluted 10-fold from 10,000,000 copies to 100 
copies. 
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Figure 4.9: Standard curves of housekeeping (18S rRNA) plasmid dilution (A) and Vtg 
plasmid dilution (B). 
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(A) 
 
(B) 
Figure 4.10: Melting curve (Disassociation curve) analysis of 18S rRNA plasmid dilution 
(A) and Vtg dilution (B). The products of amplification were detected at 84-86oC 
indicating by peaks of the highest –d(RFU)/dT values.   
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(B) 
Figure 4.11: Amplification of different templates by Vtg primers (A) from first-strand 
cDNA and plasmid bearing target fragments (B). The amplification at 105 transcript 
copies showed primer dimer formation (white arrow). The amplification at 10 transcipt 
copies showed non-specific product (black arrow).  
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         M       RT-   Blank        Control  Treated  
 
(A) 
 
(B) 
Figure 4.12: Result of absolute quantitation method. Templates used were RT- samples, 
pooled control and pooled treated fish (dose 1, 96 hours post exposure). Vtg mRNA was 
amplified as shown in Panel A and 18S rRNA amplification was presented in Panel B. 
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Table 4.4: Ct values of Vtg mRNA amplification from different samples as shown. 
Sample R1 R2 R3 Average SD 
RT- 29.00 29.72 29.77 29.50 0.43 
Calibrator samples 27.59 27.66 27.74 27.66 0.08 
Test samples 27.25 26.98 27.46 27.23 0.24 
 
Table 4.5: Absolute quantification results, shown as copy number (interpolation of 
unknowns to standard curves). 
 Test samples (copy) Calibrator sample (Copy) 
Target (Vtg) 144 108 
Endogenous control 
(18S rRNA) 
1.42E+08 6.77E+07 
 
4.3.4 Northern blot analysis from pooled RNA samples 
• Probes preparation 
 The PCR products of MF919 (Vtg fragment insert), MF311 (18S rRNA insert) and 
MF929 (GAPDH insert) were visualized under UV transluminator as shown in Figure 4.13. 
The bands of interest at 500 bp amplified from MF919, 600 bp amplified from MF311 and 
700 bp amplified from MF929 were shown. The purity of the products after purification by 
Qiaquick PCR purification kit was investigated on a gel as shown in Figure 4.13.  The results 
of probe quantification are shown in Table 4.6.  
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            1                  2       1 kb Marker  
 
(A) 
 
                 GAPDH      Vtg         18S-1       18S-2         1kb Marker 
            
(B) 
Figure 4.13: A sample of Vtg plasmid amplification using T7 and SP6 primers presented 
in lane 1 and 2 (Panel A) and gel cut out purity (Panel B). Probe 18S-2, GAPDH and Vtg 
were used for the northern blot hybridization. 
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Table 4.6: The results of probe quantification according to Roche’s manual.  
Probe Production 
visualized on 
gel (ng/µL) 
ng to be 
labeled 
(in 16 µL) 
Expected ng of 
labeled probe 
(in 22 µL) 
Concentration of 
labeled probe 
(ng/µL) 
Vtg 51.67 826.72 2,000 90.91 
GAPDH 44.28 708.48 1,800 81.82 
18S rRNA 25.8 412.80 1,600 72.73 
  
• Test of probe labelling efficiencies 
 Table 4.6 indicated the amount of labeled control and probes to be applied on the 
efficiency test via dot blot protocol. The labeling efficiency of probes investigated by dot blot 
protocol was shown in Figure 4.14. It was shown that the signal of the probes on a filter paper 
appeared up to spot number 6 referring to 0.03 pg sensitivity (relative to the control DIG-
labeled probe) which was sensitive enough to detect a single copy gene (Eisel et al., 2000). 
Therefore, they were used in northern blot analysis according to the concentration shown in 
Table 4.6. Since the required amount is 500 ng probe in 20 mL hybridization solution, a total 
of 5, 6 and 7 µL of the labeled Vtg, GAPDH and 18S rRNA probe were applied to each 
hybridization.   
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10 3 1 0.3 0.1 0.03 0.01 0 pg/µL 
 
1 2 3 4 5 6 7 8 
Figure 4.14: Results of the probe labelling efficiency test. The control labelled DNA was 
located at the uppermost row. The Vtg probe was located at row 2 and the housekeeping 
probes (18S rRNA) and GAPDH were located at row 3 and 4, respectively. 
 
• Northern blot hybridization of pooled total RNA samples 
 A hybridization of GAPDH was conducted. However, there was no result from the 
hybridization. Therefore, northern blot analysis using this probe was discontinued. The results 
of northern blot hybridization are illustrated in Figure 5.4, showing that equal loading total 
RNA was judged by the similarity of band intensity in the hybridization of the housekeeping 
gene (18S rRNA). The intensity of bands in the Vtg hybridization showed variation, with both 
time course and dosage of 17β-estradiol.  Total RNA samples from higher dose (5 µg/g fish) 
appeared to have a significant increase of the Vtg mRNA compared to that of the control male 
hybridization levels. Total RNA from livers of individuals that had received the lower dosage 
of 17β-estradiol (2 µg/g fish) showed increased of Vtg mRNA, however, this increase was 
18S 
Vtg 
Control 
GAPDH 
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transient, being elevated at 48 hours before returning to basal levels at 96 hours post 
exposure.  
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(A) Vtg 
 
(B) 18S rRNA 
Figure 4.15: Northern blot hybridization results of Vtg probe (A) and the housekeeping 
gene probe (B). D1, 2 µg/g fish; D2, 5 µg/g fish; C0, Control-male at 0 hours; C96, 
Vihicle control-male at 96 hrs. 
 
4.3.5 Semi-quantitative PCR-individual samples 
The quantitative PCR was performed according to optimised results as shown in 
section 4.3.4. The designed primers of the 18S rRNA amplified products of the expected size 
201 bp (Figure 4.16). The intensity of the amplified products was similar, indicating the 
amount of nucleic acid at the start was equal. The results showed a difference in amplification 
of some samples by Vtg primers as shown in Figure 4.16. Results indicated that the non-
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treated male exhibited a very faint band, implying the basal level of Vtg in the male 
rainbowfish. The intensity of the band grew as the time of exposure increased as shown in 
lane 3. Lane 1 showed the highest intensity of the band implying strong expression of Vtg 
mRNA in organisms exposed to 17β-estradiol, 5 µg/g fish for 24 hours.  
 
D2-12        Female    D1-96         Control     
 
 
Figure 4.16: Amplifications of housekeeping gene (18S rRNA) in the upper panel and Vtg 
mRNA in the lower panel in some samples employing designed primers.  
 
 
4.4 Discussions 
4.4.1 Induction of hormones in teleosts 
The results of this Chapter clearly demonstrate that acute exposure to estradiol induces 
Vtg mRNA levels in male rainbowfish. It is clear from the nothern blot analysis this 
production was transient and returned to basal levels after 96 hours.  
E2 is considered a natural hormone produced by the ovary in vertebrates. The hormone 
induces the liver to produce Vtg, the yolk protein precursors which comprise 2 smaller 
proteins, phosvitin and lipovitellin. In the liver of female oviparous vertebrates, Vtg is 
18S rRNA 
(201 bp) 
Vtg mRNA 
(190 bp) 
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synthesized before it is transported to the oocyte for uptake via the bloodstream (Arukwe and 
Goksoyr, 2003a). Within oocytes, Vtg is proteolytically cleaved to form the two smaller yolk 
proteins (Hartling and Kunkel, 1999). The mechanisms of induction is that estrogen enters the 
cell and binds with estrogen receptors. This complex induces the estrogen responsive genes to 
produce Vtg. These mechanisms are tightly regulated (Arukwe and Goksoyr, 2003a). When 
the induction is terminated, amount of Vtg in bloodstream decreases. In mature male and 
juvenile male oviparous vertebrates, the endogenous estrogen levels are normally too low to 
induce vitellogenesis (Rankouhi et al., 2004), however the Vtg gene is present but not 
expressed. This study is the first to demonstrate the expression and induction of the Vtg gene 
following E2 treatment in male Australian rainbowfish (M. fluviatilis). 
Exposure of different fish species to the estrogenic compounds would result in various 
responses. The rainbow trout (Oncorhynchus mykiss) has been used to study estrogenic 
effects of environmental chemicals as reported by Thorpe et al. (2001). However, Tong et al. 
(2004b) reported that employing rainbow trout as a biomonitoring system could be 
problematic due to the large body size, long generation time and seasonal breeding. In their 
study they used zebrafish (Danio rerio) and Japanese medaka (Oryzias latipes) as they had 
short generation times, are capable of breeding in captivity, reach sexual maturity within 2-3 
months and required little husbandry space. These workers concluded that the Japanese 
medaka responds much faster to E2 than do zebrafish, however, zebrafish attained a much 
higher level of vitellogenin mRNA than did the medaka. From these studies it could be 
interpreted that the medaka system is suitable for acute toxicity testing while the zebrafish 
system would be better for monitoring chronic exposure to E2. The current study has 
demonstrated that male rainbowfish responds to E2 within 12 hours and hence could be useful 
for acute toxicity testing of EDCs similar to how medaka has been used.  
The route of administration of E2 may determine the time frame of Vtg induction, for 
example, Pankhurst et al. (1986) injected Goldfish (Carassius auratus) with 17β-estradiol 
 133 
using saline, peanut oil, cocoa butter and Silastic pellet as vehicles. Their results showed a 
large elevation of steroid levels, as measured by radioimmunoassay, in the samples. It was 
suggested in this study that estradiol at 50 µg/g body weight administered in a Silastic pellet 
was still producing a stable elevation 9 days after implant. While estradiol, at 2 or 20 µg/g 
body weight in saline or oil, produced a large elevation in steroid levels, but was followed by 
a rapid fall to basal levels over the next 3-4 days, unlike the higher exposure in pellet form. 
These results indicated that injected steroid is rapidly absorbed and cleared, whereas releasing 
of the hormone from pellets could produce lower elevation but last longer. Bowman et al. 
(2000) reported that using an aqueous flowthrough system at low doses of E2 and EE2 (200 
ng/L and 100 ng/L, respectively) induced hepatic Vtg mRNA and plasma Vtg to levels 
comparable with the E2 injection. They concluded that using constant aqueous exposure might 
be more effective than a single large-dose injection (5 mg/kg) for Vtg gene induction. Similar 
in the rainbowfish, it is possible that aqueous exposure of E2 pellets may have resulted longer 
induction of Vtg since the intraperitoneal injection method used in the current study resulted 
in only transient Vtg mRNA induction. Intraperitoneal injection was chosen as a route of 
exposure in this recent experiment as it was thought that it would give a large dose of E2 and 
this intrun would induce Vtg transcripts in the fish.  
Corn oil was used as a vehicle to deliver the hormone to the fish as suggested in Kroll 
(2004, personal contact) in a protocol from Florida University. The result of  northern blot 
analysis showed that hepatic Vtg mRNA was induced and detected by the first 12 hours post 
injection. Mortality was found in the group recieving higher dose injection (5 µg/g fish), 
however, Vtg induction in this group was higher than the lower dose injected group (2 µg/g 
fish). The cause of death have resulted from the dosage used.   
4.4.2 Northern blot analysis 
Northern blot analysis of both probes is illustrated in Figure 4.4. The results showed 
transiently increasing level of Vtg mRNA expression at 48 hours from 2 µg/g dosage before a 
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reversion to basal levels, as compared with the expression of the same gene in the control 
group. The higher dosage showed approximately 10 times the Vtg mRNA expression, 
compared to that of the control group. The expression of the housekeeping genes were mostly 
similar as shown in Figure 4.4.  Bowman et al. (2002) investigated the expression of Vtg and 
estrogen receptor (ER) in largemouth bass by single injections of E2. They found that after 2 
days of acute E2 exposure at 2 mg/kg, peaks of Vtg and ER mRNA and plasma Vtg levels 
were found. It was concluded that the expression of Vtg was a delayed primary response 
while ER was defined as an early response to E2 exposure. It was reported in an experiment 
inducing Xenopus laevis Vtg mRNA that the half life of vitellogenin mRNA was 
approximately 3 weeks in the presence of estrogen, and 16 hrs in the absence of estrogen 
(Brock and Shapiro, 1983).  The report suggested a restimulating of Vtg with estrogen. 
Therefore, it can be interpreted that the modification of Vtg mRNA in the nucleus was not 
responsible for stability of the Vtg mRNA. Hemmer et al. (2002) found hepatic Vtg mRNA in 
sheepshead minnows was rapidly lowered after termination of estrogenic exposure, but Vtg 
clearance depended on time and concentration and could be detectable for months after initial 
exposure to estrogenic compounds.  
 The analysis of the current Chapter demonstrate via northern blot analysis the 
expression of Vtg mRNA that vitellogenin mRNA in the male rainbowfish existed in very 
small amounts. Analysis showed successful induction of Vtg mRNA by 17β-estradiol via IP 
injection at doses of both 2 µg/g and 5 µg/g in male fish. The induction of Vtg mRNA shown 
here was relatively more than the basal level of Vtg in uninduced male rainbowfish.  
 Northern blot followed by hybridization is a conventional method for studying the 
expression of genes. It may not be a rapid method and may require optimization, however, it 
does produce reliable data based on the homology of the mRNA of interest and probe. 
Expression can be quantitated, providing a normalisation of the templates quantity. However, 
the sensitivity of quantification is not being the same as by the PCR methods, especially the 
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Real-Time PCR. The current study has clearly shown that northern blots can be used to 
demonstrate Vtg mRNA induction in the rainbowfish.  
4.4.3 Quantitation of mRNA expression by semi-quantitative PCR 
To determine RNA expression levels by RT-PCR, a non-competitive RT-PCR was 
performed. RT-PCR provides a highly sensitive and specific method of quantification of the 
weakly expressed transcripts, even in the picogram range of RNA (Choquer et al., 2003). 
Freeman et al. (1999), Choquer et al. (2003) reported RT-PCR as a sensitive method for 
analyzing RNA and the following parameters must be considered; feasibility in the 
laboratory, necessity to study different markers in the same sample, availability of sample and 
accuracy required for the specific application (Marone et al., 2001). The conditions of semi-
quantitative RT-PCR must be optimised so that the amplification does not reach the end-point 
or the plateau.  
It was considered very important to study the expression of housekeeping genes in 
rainbowfish during estrogen treatment to serve as RNA controls in RT-PCR experiments for 
expression of mRNA comparison, since there is a lack of research for Melanotaenia fluviatilis 
in this area. In the current study, 18S rRNA was used as an internal control for PCR 
experiments in M. fluviatilis, as recommended by Al-Bader and Al-Sarraf (2005). These 
authors first validated this control gene in different organs and treatment condition.  
To carefully quantitate specific transcript levels it is necessary for experimental 
conditions to be designed not to affect the expression of an internal control. The selection of a 
housekeeping gene as an internal control was suggested in Tsuji et al. (2002b). These authors 
assessed the transcription level of three genes as possible internal controls; GAPDH, 18S 
rRNA and beta-actin in a study of human colonic tissue using a quantitative RT-PCR. The 
assumption is that these genes are expressed to a similar degree in different cells and tissues. 
It was found that the expression of 18S rRNA was constant amongst the various tissues 
examined, whereas the other two genes were up regulated when carefully measured. These 
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results indicated that 18S rRNA is more reliable than both GAPDH and beta-actin as an 
internal control gene. The selection of 18S rRNA as valid internal control was confirmed by 
Goidin et al. (2001b).  
A detectable product from PCR amplification of the 18S rRNA was found to occur 
from a fewer number of cycles than that of the Vtg mRNA. The amplification of 18S rRNA 
was identified earlier than that of Vtg mRNA. Detection of the exponential amplification in 
the housekeeping gene could be found as early as 20 cycles, whereas amplification of Vtg 
could not be visualized until at least 30 cycles amplification. The purity of total RNA would 
interfere the reverse transcription and therefore, resulting in unsuccessful quantification by 
RT-PCR because of low amount of genes was reverse-transcribed. This would be the reason 
for large extension in order to visualize the products on an agarose gel. The results as shown 
in the Figure 4.3, a trial for PCR optimization using diluted first-strand cDNA as a template 
(about 1:20 of original RT-reaction or 20 folds dilution). This low concentration of template 
could reduce PCR efficiency as explained in Chandler et al. (1997). Very low template 
concentration, in the range of a few picograms to tens of picograms in PCR, can generate 
random fluctuations in priming efficiency causing a non-reproducible result. This indicated 
that it was necessary to optimize the PCR experiment from both technical and material 
perspective. As a first step, it was important to accurately quantitate the total RNA to be used 
in the cDNA synthesis, and the next step, the use of the cDNA template for PCR 
amplification also required careful quantitation of the cDNA used. 
In this experiment, the amplification product of Vtg mRNA from pooled samples of 
fish exposed to 17β-estradiol was found to be relatively similar to that of non-treated groups. 
The differences, if any, could possibly be masked by the pooling effects and the limitation of 
the method could not detect differences of only a few folds of the transcripts. In future studies 
if M. fluviatilis is exposed to E2 for longer periods in chronic exposure, it may be feasible to 
use RT-PCR to quantify Vtg mRNA.   
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It was interesting to see the induction of Vtg gene in male fish following E2 treatment 
via northern blot and the same result was expected for RT-PCR. However, in this experiment, 
RT-PCR did not distinguish the estrogenized fish and the control fish. As the PCR method 
usually required good quality of primers and templates, efficientcy of amplification of Vtg 
would be limited by these factors. A full length Vtg mRNA would facilitate a design of 
primers to be more specific in amplification. Templates would be purified and quantitated 
precisely before performing PCR techniques, especially when the quantitative methods are 
required.   
 Bowman and Denslow (1999) proposed the use of vitellogenin mRNA as a molecular 
biomarker in largemouth bass (Micropterus salmonoids). The Vtg mRNA assay, comprising 
RT-PCR based assay and hybridization-based analyses, were studied. These authors 
suggested that the method, whilst semi-quantitative, could be used to track environmental 
contamination by hormone mimics. This method, despite its limitations, is easy to perform 
once the biomarker assay system has been developed and validated, providing a further tool to 
be used to identify pathways of environmental endocrine disruption.  
Semi-quantitative RT-PCR is generally used qualitatively and does not enable the 
accurate quantification of differences in expression levels between genes. Competitive and 
real-time RT-PCR, however, give determination of the number of mRNA molecules, but are 
more complex and more costly techniques (Choquer et al., 2003). The current study, however, 
showed that it is possible to use semi-quantitative PCR techniques to get an indication of the 
level of expression of mRNA in rainbowfish after estrogenic exposure, proving the usefulness 
of the simplest technique. 
4.4.4 Quantitation of Vtg mRNA by Real-time PCR (QPCR) 
“Quantification of target sequences by Real-time Quantitative PCR (QPCR) is based 
on the continuous measurement of the accumulation or reduction of the fluorescent signals 
during amplification reaction. Therefore, it has been called Real-Time PCR” (Mortarino et al., 
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2004; Watzinger et al., 2006). Advantages of this system include that the results can be 
obtained immediately after amplification, without the need to further handle the samples 
(Mortarino et al., 2004). The results of QPCR can be assessed as fold changes in expression 
compared to reference genes, such as a housekeeping gene, and also an absolute copy number 
can be calculated using standard curves.  The QPCR is known as a sensitive method to 
quantify the expression of genes (Emig et al., 1999; Caccio, 2004; Chain et al., 2005). 
In this study, the expression of Vtg transcript was quantified relative to the expression 
of the housekeeping gene (18S rRNA). A relative quantification was employed for both 
treated and non-treated hepatic cDNAs. The standard curves created from 18S rRNA and Vtg 
mRNA showed a regressive relation between the treshold cycle (Ct) and concentration of the 
templates across 6 logs of plasmid dilution. It was also illustrated that primers designed for 
the housekeeping gene were efficient and consistent. There was no primer dimers found in the 
housekeeping gene amplification according to the gel analysis (Figure 4.12). Moreover, the 
dissociation curve showed that the temperature of melting the 18S rRNA amplified fragments 
was constant at 85oC throughout the experiment.  
The efficiency of amplification of 18S rRNA standard in the QPCR was close to 100% 
indicating relatively little if any inhibitors of PCR in the reaction. However, the result of the 
disassociation curve analysis of Vtg mRNA used in this study showed that amplification of 
Vtg mRNA was affected by a combination of the following factors:  
i)  Primer dimer formation 
i) Poor performance of target primers 
ii) Poor quality template 
iii) Genomic DNA contamination 
iv) Inconsistent sampling procedure 
v) Poor cDNA synthesis 
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The amplification of Vtg plasmid standards showed the formation of primer dimers, as 
can be seen in both the gel analysis of PCR products (Figure 4.12) and also in the dissociation 
or melting curve (Figure 4.11). Kubista et al. (2006) reported that a melting curve reflects the 
melting temperature that separated DNA strands, therefore, this is the temperature at which 
the reporter dyes came off and the fluorescence dropped abruptly. Primer dimers were 
generally shorter than amplified products; therefore, they melted at lower temperatures 
relative to the targeted DNA. Watzinger et al. (2006) reported a system based on intercalating 
dyes, this system was  inexpensive, since a fluorogenic probe was not required, however this 
resulted in lower specificity and low sensitivity. Dye molecules binding to non-specific PCR 
products or primer dimers could contribute to overall fluorescence signal intensity, thus 
leading to inaccurate quantification. It was shown that induction level in 17β- estradiol treated 
fish quantified by this method was not significant compared to the control group in the current 
study. The results using QPCR in this thesis show that Vtg mRNA in 17β-estradiol treated 
fish showed no difference to those observed in the control (non-treated samples). This may be 
due to some of the intrinsic problems associated with the quantitation of fluorescence in 
QPCR and the inability of this technique to eliminate fluorescence from primer dimer 
formation.  
In this study, the primer sets used in the semi-quantitative PCR were used in Real-time 
PCR. The Vtg primers were designed from a 345-base pair mRNA sequence immediately 5’ 
to the poly A chain spanning both coding and non-coding sequence. Within this range, there 
was a fragment of 162 base pairs giving significant homology with Vtg transcripts of teleost 
fish in the databases (GeneBank). The primers were designed so that the amplified product 
was included in the fragment. Therefore, it was expected that these primers would be highly 
specific for the amplification of Vtg from the cDNA pools. The primers did give the 
amplification product homologous to Vtg I mRNA in teleostean by blast search 
(http://www.ncbi.nlm.nih.gov). Even though the primers gave the products with expected 
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size, they also gave non-specific products (Figure 4.11). These products were likely to be the 
dimers as sizes of these products observed were smaller than 80 base pairs.  
Poor template quality due to RNA degradation and genomic DNA contamination has 
been reviewed by Bustin et al. (2005) and it was concluded that, among others things, that 
“purified RNA may be of variable quality and, once extracted, is rather unstable”. Freeman et 
al. (1999) reported that RNA degradation is a serious problem and can lead to variable results 
in QPCR. Contamination of genomic DNA in the PCR template yields inaccurate results 
(Bustin et al., 2005). Results in this current study demonstrated that even when purification of 
total RNA products was performed, contamination with genomic DNA could not be totally 
eliminated, resulting in false positive results in RT- samples.  
The first-strand cDNA was diluted to give enough volume of product for further 
manipulations.  Dilution of the template could also cause inaccurate estimation of the Ct as 
reported in Leusch et al. (2005). These authors used diluted RNA sample to 5 ng per 
microplate well to obtain a sufficient baseline for Ct estimation, however this dilution resulted 
in a decreased abundance of Vtg mRNA transcripts. As a result, the sensitivity of Vtg mRNA 
amplification was likely to be affected.   
Consistent sampling procedure to gain homogenous samples, such as dissection and 
sample size, are integral if intact tissue such as a biopsy sample are used for RNA isolation 
(Bustin et al., 2005; Huggett et al., 2005). Huggett et al. (2005) reviewed how to control the 
errors relating to Real-Time RT-PCR assay to quantify biologically relevant changes in 
mRNA levels. They suggested that firstly, sample size must be similar. Secondly, 
measurement of RNA quantity using molecular probes such as Ribogreen® and Labchip® 
was advised since they could reflect reality of RNA quantification in the samples. Thirdly, 
they also suggested that RNA extraction rate might vary from sample to sample because the 
procedures are usually not designed to purify DNA. In this study, sample size was similar to 
that suggeted by these authors, however, molecular probes were not used for the RNA 
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measurement and this may be a possible reason why the rainbowfish samples did not yeild 
any significant differences between the control and treated samples with repect to Vtg mRNA 
levels.  
Reverse Transcription (RT) efficiency is the process that is considerably impacted by 
the quality of RNA (Bustin et al., 2005). Freeman et al. (1999) indicated that the conversion 
of RNA to cDNA is one factor contributing to a variability and lack of reproducibility that is 
frequently observed in RT-PCR experiments. One reason for this was the efficiency of RT. 
They suggested that the RT enzyme is sensitive to salts, alcohol and phenol remaining from 
RNA isolation. These carryovers could affect RNA purity. Moreover, inter-tube and inter-
experiment variability are common in a real-time RT-PCR assay. Stahlberg et al. (2004b) 
further reported that differences in reverse transcription resulted from choice of enzymes. 
They have found that cDNA synthesis reversed transcribed by eight different reverse 
transcriptases yielded intermediate to highl expression of β-actin and GAPDH genes and low 
expression of 5-hydroxytryptamind 1a receptor (HTR1a), HTR1b, HTR2a and HTR2b 
measured by QPCR using SYBR Green I. The authors have suggested that primer 
hybridization could be the cause, since it relies on accessibility of target site in the mRNA 
which may vary because of mRNA folding. Therefore, the choice of enzymes should be 
highly dependent upon structures of mRNA. In this experiment, BD PowerScript™ reverse 
transcriptase (#8460-1, Biosciences, U.S.A.) was chosen for all of the cDNA synthesis 
including cDNA library and RT-PCR. This enzyme is a site-directed mutant of Moloney 
Murine Leukemia Virus RnaseH- reverse transcriptase that required 42oC for annealing 
whereas some enzymes require at 50oC. With respect to temperature for RT, Stahlberg et al. 
(2004b) have reviewed that higher temperature used in annealing is often claimed to improve 
reverse transcription yield, by reducing the degree of mRNA secondary structure.  This could 
therefore be a possible reason for the poor yield of Vtg mRNA quantitated by QPCR in the 
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current study. However, amplification of the housekeeping gene, 18S rRNA, was successful. 
Due to time and cost limitations, this trouble shooting would be solved in the future.   
Bustin (2000) reported that RT-PCR assay could be non-reproducible even with 
identical samples between different laboratories. Also, Bishop et al. (1997) states that the 
reproducibility of RT-PCR is inevitably compromised by the variable efficiency of the RT 
and the need for two sequential enzymatic steps. 
The cDNA synthesis method selected in this study was Oligo dT priming which had 
been commonly used. Using Oligo dT primer could synthesize cDNA from several target 
mRNAs efficiently, even from limiting amount of samples (Bustin et al., 2005). However, 
Oligo dT priming requires full-length mRNA to effect RT. It is not a good choice for mRNA 
that is poteintially fragmented, or long mRNA where the primer binding site is located at 
extreme 3’-end. In the experiment, the trainscripts in total RNA may not have been intact 
since the preliminary northern blot revealed 3 bands homologous to the Vtg probe. It is 
possible that the transcripts could have been fragmented or even degraded upon storage. This 
might be the cause of unsuccessful QPCR. 
On the basis of gel analysis of QPCR products (Figure 4.8) clearly QPCR analysis of 
Vtg mRNA is inconclusive at best and perhaps even misleading. There are primer dimers in 
the Vtg PCR lanes, some degradation products and limited and faint bands at the expected 
size. As such analysis of the ecotoxicological relevance needs to be confined to the more 
robust northern blots, with perhaps give consideration given to semiquantitative RT-PCR of 
individual samples. 
4.4.5 Pooling vs. individual sample for gene expression experiment 
The efficiency of pooling mRNA has been widely discussed in gene expression 
experiments, especially microarray experiments (Peng et al., 2003b). Biologists often pool 
RNA samples extracted across experimental populations to help reduce the cost of microarray 
experiments (Peng et al., 2003b). Biological replicates for assessing statistical confidence in 
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these experiments are ideal, but are often hindered by cost effect or technical constraints of 
the array, since one chip often costs more than a biological subject (Kendziorski et al., 2003). 
In studies of small animals such as Drosophila spp., or small tissues such as hypothalamus or 
pancreatic islets, it can be difficult to obtain a sufficient amount of mRNA from a single 
sample. These constraints have motivated biologists to pool RNA samples together (Peng et 
al., 2003b). However, pooling samples can affect data analysis and inference in terms of 
statistics (Kendziorski et al., 2003). Peng et al. (2003b) reported that estimation of variance 
based on microarrays does not include biological variance for any single gene in question. 
Kendziorski et al. (2003) have reported a calculation indicating that mRNA abundance in 
individual samples average out when pooled, and a linear decrease in biological variability 
has been found following pooling. Also pooling samples can affect contamination levels.  
In this experiment, analysis of the expression of Vtg mRNA using PCR techniques 
showed a difference between pooled samples and individual samples. The induction of Vtg 
mRNA was clearly found in the individual fish. However, the induction of Vtg mRNA in 
pooled samples detected by semi-quantitative PCR and QPCR showed inconsistent data. This 
could be a result of biological differences between individuals being masked out by pooling 
effects. Kendziorski et al. (2003) and Peng et al. (2003b) have concluded that appropriate 
pooling of RNA (sufficient number of subjects and pooling design) can provide adequate 
statistical power and improve efficiency and cost-effectiveness, especially for microarray 
experiments. With these aforementioned advantages from pooling samples such as reduced 
cost and reduced amount of tissue from individuals required for experiments, an appropriate 
pooling experiment can be designed in the future. One possible solution when it is necessary 
to pool RNA samples together to study gene expressions is described by Stahlberg et al. 
(2004a). The properties of the reverse transcription reaction using quantitative real-time PCR 
(QPCR) as an analytical tool were studied by Stahlberg et al. (2004a). These authors indicated 
that experimental accuracy was two times higher when the test sample was split into aliquots 
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before being reverse-transcribed, than it was when split before performing QPCR (after the 
reversed transcription step). These results were unfortunately not available during the course 
of the current study. Whether such a procedure would improve the detection of Vtg mRNA in 
the rainbowfish by QPCR remains to be investigated. 
4.5 Conclusions 
The recent experiment detected the induction of Vtg mRNA via northern blot analysis. 
It was illustrated that the induction of Vtg mRNA depended on the time course and dose used. 
Northern blot analysis showed that detection of the target genes was possible as early as 6 
hours post exposure. Another detection technique, semi-quantitative PCR, also showed that E2 
injection induced a higher level of Vtg mRNA in male rainbowfish.  
This Chapter reports for the first time the use of quantitative methods to estimate 
induction of Vtg mRNA in the rainbowfish (M. fluivatilis) to examine the potential use of this 
molecular marker to monitor environmental contamination by EDCs in Australian freshwater 
environment. The Vtg mRNA was demonstrated to be inducible estrogenic responsive gene 
through northern blot analysis of the fish exposed to E2. The response of Vtg mRNA to 
estrogen was found to be affected by both time and concentration factors. The housekeeping 
gene in this experiment (18S rRNA) expressed constantly in liver tissues. The Vtg transcript 
from individual samples analysed via RT-PCR showed in part consistency with the result 
from the northern blot analysis. Results indicated that pooling of samples could mask 
biological differences between individuals, leading to inaccurate quantification or 
misinterpretation of Vtg mRNA expression in experiment using pooled RNA. 
Even though the quantitative Vtg mRNA trial (QPCR) for the rainbowfish in this 
study encountered many obstacles especially the primer design and template quality, it 
indicated some possibility of employing the techniques in an ecotoxicological context. 
Discovering the Vtg mRNA fragments in Melanotaenia fluviatilis could be of benefit to 
monitoring environmental contamination in the Australian freshwater environments, 
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especially xenoestrogenic pollutions. The results indicated that quality of the RNA template 
and primer design were the most important factors contributing to the inconclusive QPCR 
results. In this experiment, even though the RNA template was re-purified using the DNase 
Kit (Qiagen) the results showed that contamination of genomic DNA still remained in the 
samples. Finally, employing one-step RT-PCR could potentially solve the problems that 
might occur in the RT step. More importantly, aquiring the whole sequence of Vtg gene and 
desgin of more stringent primers as well as use of fluorogenic probes such as molecular becon 
probes could help to detect the induction of Vtg gene expression in male fish following 17β-
estradiol treatment and/or exposure of other estrogenic compounds.  
 
 146 
 
Chapter 5  Western blot analysis 
5.1 Introduction 
 The hormone 17β-estradiol is a known inducer of Vtg protein. This induction occurs 
after coupling of the 17β-estradiol to the estrogen receptor. After coupling of the hormone to 
the receptor, genes encoding vitellogenin (Vtg) transcribe Vtg mRNA at an increased rate 
leading to higher intracellular levels of Vtg mRNA and subsequently Vtg protein. This 
sequence of events is known to occur in liver cells in oviparous fish species (Flouriot et al., 
1996). After synthesis the Vtg protein is transferred out of the hepatocyte into the blood and is 
taken up by cells in the target organ, the oocytes.  
 Previous work in this thesis reports for the first time the isolation of a partial cDNA 
clone that shows strong homology to Vtg mRNA sequences from a variety of species. The 
sequence analysis via the “BlastX” program (Biomanager®, Australia) showed the cDNA 
sequence isolated from rainbowfish showed high homology to Vtg in bony fish (teleost), 
chicken (Gallus gallus), Herring gull (Larus argentatus) and African clawed frog (Xenopus 
laevis). This fragment also showed some degree of homology to the Vtg of non-bony fish like 
silver lamprey (Ichtyomyzon unicuspus), and invertebrates like Coleseed sawfly (Athalia 
rosae) and honeybee (Apis mellifera). The fragment analysis resulted 84% homology to the 
Vtg of medaka fish or Japanese ricefish (Oryzias latipes). These levels of homology provide a 
confident basis to use this cDNA sequence as a probe to measure Vtg mRNA levels in 
rainbowfish.  
 Using the rainbowfish cDNA probe, a number of approaches and techniques were 
used in an examination of Vtg mRNA in pooled and individual samples of liver from 17β-
estradiol treated fish (Chapter 4). Results from this analysis were not entirely clear, with 
QPCR providing data that was somewhat inconsistent with northern blot analysis and there 
seemed to be some discrepancies between individual and pooled samples when analysed via 
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RT-PCR. In order to clarify the effects of 17β-estradiol in rainbowfish, it was decided to 
examine the levels of circulating Vtg protein and use this as an indicator of induction of this 
estrogen response gene. This approach has been used in endocrine disruption studies in 
medaka fish for many years (Thompson et al., 2000; Zhang et al., 2002) and techniques for 
Vtg protein detection and quantitation are well established. Furthermore an antibody to 
medaka Vtg protein is commercially available. Given the strong homology of inferred amino 
acid sequences of M. fluviatilis to amino acid sequence of medaka, it was anticipated that the 
antibody to medaka Vtg would cross react with the rainbowfish Vtg protein and permit 
quantitation of this protein in rainbowfish via a number of antibody based teachniques. The 
approach taken in this Chapter was to use western blot analysis of blood plasma from pooled 
samples of 17β-estradiol treated and control rainbowfish to quantitate Vtg protein at a number 
of time points after estrogenization.   
5.2 Materials and Methods 
 The rainbowfish used in this Chapter were estrogenized with E2 as described in 
Chapter 2 and the blood sample were collected for this experiment.  
5.2.1 Sample preparations 
The blood of the rainbowfish was collected from the caudal fin using heparinized 
capillary tubes. The caudal fin was cut off and the tube was placed over the backbone in the 
position shown in Figure 5.1. To enhance more blood circulation, the fish was massaged 
gently from head to caudal bone and the blood was collected vertically i.e. due to the gravity 
(Kroll, 2004 personal contact). To retrieve the blood from the capillary tube, a smaller 
diameter glass pipette was inserted into the tube and the blood was blown out of the tube 
using a rubber bubble. The blood from each experimental group was pooled in a clean 
microcentrifuge tube (1.5 mL). Each treatment was kept separately at -20oC. 
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Figure 5.1: Blood collecting method from the caudal fin of M. fluviatilis (Castelnau, 
1878).  The caudal fin was cut then a heparinized capillary tube was placed immediately 
just above the backbone.  
 
The plasma was obtained by centrifuging at 6,687 rpm for 15 minutes, 4oC. The 
plasma, which appeared as the supernatant, was separated from the blood clots and was 
aspirated into a new clean microcentrifuge. The plasma was kept in -80oC for further analysis. 
Total protein in the samples was quantified by Bradford method using Protein Assay 
Dye Reagent Concentrate (#500-006, Bio-Rad Protein Assay, Bio-Rad laboratories, U.S.A.). 
For OD measurement at 595 nm, plasma samples were first thawed on ice for 5 minutes. Each 
was diluted 50-fold in autoclaved MilliQ water before the dye reagent was added. All samples 
were blanked on MilliQ water. The BSA (Bovine Serum Alubumin) standard curve was made 
at Microassay range (8.0-80 µg/mL) and the procedure for microtiter plates from the Bio-Rad 
protein assay manual was followed.  
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5.2.2 Spot blotting trial 
• Sample preparations 
To optimize primary antibody for western blot analysis, the spot blotting trial was 
performed in order to determine optimal concentration for detection. The 10-fold dilutions of 
plasma from exposed female fish ranged from 10-1 to 10-5 and were prepared with TBS buffer 
(Appendix A) to determine a suitable concentration of loaded protein. A total of 4 µL of each 
diluted plasma sample was spotted onto a nitrocellulose membrane (Bio-Rad laboratories, 
U.S.A.). The membrane was dried at room temperature between two pieces of 3MM 
Whatman® filter paper and kept in 4oC prior to immuno- detection. 
• Immunodetection 
The membranes were separately blocked using 5% Blotto (5% (w:v) skimmed milk in 
TBS) or 3%(w:v) BSA in TBS (Appendix A) for one hour with agitation at room temperature. 
The Blotto was poured off and the membrane briefly rinsed with autoclaved MilliQ water 
before adding the antibody solutions. The antibody solutions were prepared in 2% Blotto (2% 
(w:v) skimmed milk in TBS) or 0.5% (w:v) BSA in TBS) as 1: 1,000, 1:2,000 and 1: 5,000. A 
total of 5 mL of antibody solutions were added to the membranes. The membranes were 
incubated in the primary antibody solutions, Mouse Anti-medaka Vtg (Biosense, Norway), for 
an hour with gentle agitation at room temperature. The antibody was poured off and kept at -
20oC for later detections (up to 4 times). The blots were subjected to two washes with TBST 
(Appendix A), for 10 minutes each. They were then incubated in the secondary antibody, 
Mouse Anti-IgG-AP conjugated (Fab specific) (Sigma, Australia), for an hour followed by 
wasing 3 times in TBST, for 5 minutes each and washing in TBS 2 times, for 5 minutes each. 
The secondary antibody was kept in -20oC in a falcon tube for later applications (up to 4 
times). Finally, the blots were developed separately in AP (Alkaline phosphatase) Substrate A 
and B (Bio-Rad laboratories, U.S.A.) for Alkaline Phosphatase (#S3841, Promega, U.S.A.) 
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until the desirable intensity of the bands appeared or overnight to maximize the results. The 
blots were rinsed with autoclaved MilliQ water twice to stop the reaction before 
documentation. 
5.2.3 Western blot analysis 
• Polyacrylamide gel electrophoresis 
Since Vtg in many fish is a 120-170 kDa protein, a 6-8% (w:v) Acrylamide gel was 
employed for electrophoresis. In order to do this, the following components were prepared as 
in Table 5.1. 
The gel sandwich, Mini-Protean® II (Bio-Rad laboratories, U.S.A.) was assembled 
according to manufacturer’s instructions. Briefly, the glass plates were assembled on a clean 
surface before gently sliding this glass plate sandwich into a slot provided on the clamp 
assembly. The clamp assembly was then placed into the alignment position on the casting 
stand so that the clamp screws faced toward the casting positions. The clamp assembly was 
tightened by tightening the top screws first, and then it was removed from the alignment 
position and tightened with the bottom two screws. Finally, the assembly was transferred to 
the casting positions on the casting stand and was attached against the wall of the casting 
position on the rubber gasket.  
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Table 5.1: Solutions for Tris/Glycine SDS-Polyacrylamide Gel   
6% (w:v) Gel 5 mL Gel solution 10 mL Gel solution 
Water (mL) 2.7 5.3 
30% Acrylamide mix (mL) 1.0 2.0 
1.5 M Tris (pH 8.8) (mL) 1.3 2.5 
10% (w:v) SDS (mL) 0.05 0.1 
10% (w:v) APS (mL) 0.05 0.1 
TEMED (mL) 0.004 0.008 
8% (w:v) Gel 5 mL Gel solution 10 mL Gel solution 
Water  (mL) 2.3 4.6 
30% Acrylamide mix (mL) 1.3 2.7 
1.5 M Tris (pH 8.8) (mL) 1.3 2.5 
10% (w:v) SDS (mL) 0.05 0.1 
10% (w:v) APS (mL) 0.05 0.1 
TEMED (mL) 0.003 0.006 
Stacking gel (5% (w:v)) 4 mL solution  
Water (ml) 2.3  
Solution A (mL) 0.67  
Solution C (mL) 1.0  
10% (w:v) APS (µL) 30  
TEMED (µL) 5  
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An appropriate volume of Ammonium persulphate (APS) and TEMED shown in 
Table 5.1 were added to the gel solution immediately before pouring the gel. The mixture was 
briefly swirled or inverted to avoid air bubbles which would lead to failure of gel 
polymerization. The gel solution was introduced into the gel sandwich using a 1-mL 
micropipette slowly to minimize air bubbles. Any air bubbles trapped in the gel could be 
removed by gently tapping on the glass so that the bubbles ascended to the gel surface. The 
gel solution was poured until approximately 0.5 cm below the teeth of the comb. Finally, 
about 1 mL of water was added to the top of the separating gel solution in the sandwich to 
keep the gel surface flat. The remainder of the gel could be left in the container to test the 
polymerisation.  
After the gel was polymerized which could be about 30-60 minutes, the distinct 
surface between the separating gel and the water appeared or the gel solution left in a 
container was set. Water was withdrawn from the separating gel surface by using a tissue and 
tilting of the gel assembly. The stacking gel (5% (w:v)) was prepared by combining Solution 
A, C and water according to Table 5.1 before adding APS and TEMED. The mixture was 
swirled or inverted to mix, prior to introducing onto the separating gel. The gel was added 
until it reached the top of the glass plates and the 10-well comb (Bio-Rad laboratories, 
U.S.A.) inserted into the gel sandwich. The gel could be polymerized within 30 minutes.  
The comb was removed carefully before attaching both minigels to the electrode 
assembly and inserted into an electrophoresis tank. The running buffer (Appendix A) was 
added to both inner and outer chamber so that the top and the bottom of the gel were 
immersed in the buffer.   
The plasma samples were prepared by combining the samples and 5x Sample buffer 
(Appendix A) in a clean microcentrifuge tube. The samples were mixed by pipetting before 
being introduced into the wells using a micro pipet. The protein marker, SeeBlue®Plus2 pre-
stained protein standard in the range of 4 kDa to 250 kDa (#LC5925, Invitrogen, Australia), 
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was loaded together with the samples. The gel was electrophoresed at 100 V until the dye 
front migrated to the bottom of the gel. Two gels were run at the same time so that one gel 
could be visualised for the protein integrity where another gel could be subjected to blotting. 
One gel was subsequently stained with Commassie Blue R-250 stain (Appendix A) for 
10 minutes before being destained with destaining buffer (Appendix A) for 30 monutes. The 
resulting gel was dried on a plastic sheet and finally visualised on a light box. Another gel 
was subsequently blotted onto a membrane.  
• Blotting membrane 
Nitrocellulose membrane, 6 x 8 cm (Bio-Rad laboratories, U.S.A.), was soaked in 
transfer buffer (Appendix A) (30-40 mL) for 15-20 minutes. The chamber was cleaned with 
Pyroneg followed by rinsing with distilled water. The gel-membrane sandwich was set up in a 
transfer cassette.  First the filter pad on the grey panel was soaked in the transfer buffer. Then 
the 3MM Whatman® filter paper (8 x 10 cm) was placed onto it. Air bubbles were avoided by 
rolling a glass tube onto the filter paper layer. The membrane was then placed on top of the 
filter paper, and the pre-wetted gel was carefully laid on the top of the membrane. Another 
pre-wetted filter paper was layered on top of the gel followed by a second well-soaked fibre 
pad. The cassette was closed and placed into the electrode cascade insert in the buffer tank. 
The tank was finally filled with transfer buffer (Towbin buffer, Appendix A). An ice pack was 
applied to the tank to keep the blotting buffer cool during the transfer. 
Electrotransfer was performed 60 V for 1.5-3 hours, after which the cassette was 
disassembled and the membrane was rinsed briefly with distilled water to remove gel debris. 
The membrane was subjected to immunodetection (Chromogenic detection) as described 
earlier.     
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5.3 Results 
5.3.1 Total protein measurement 
The concentration of total protein was calculated from a standard curve for BSA 
(Figure 5.2). The equation from the standard curve was as below: 
 
  Y  =  0.0102X + 0.1202    Equation 5.1 
 
Where, Y was the OD reading at 595 nm. 
 X was the slope of the standard curve 
 The calculated concentration of total protein (µg/mL) is shown in Appendix E (Table 
E3.2). The total protein of the plasma samples in both sexes were approximately 1 µg/µL. 
Figure 5.3 represented the total protein (µg/mL) of each sample group, both controls and 
estrogenized fish at 12, 24, 48 and 96 hours post exposure with 2 doses of injection (2 µg/g 
fish) and 5 µg/g fish).  
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Figure 5.2: The protein standard curve from BSA.  
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Figure 5.3: Total protein (mg/mL) in plasma sample of Melanotaenia fluviatilis at 0, 12, 
24, 48 and 96 hrs post exposure to 17β-estradiol. D1 represented dose 1 injection (2 µg/g 
fish) and D2 represented dose 2 injection (5 µg/g fish). 
  
5.3.2 Spot blotting 
The results in Figure 5.4 illustrate hybridization between medaka Vtg antibody and 
potential Vtg in the plasma samples of M. fluviatilis (Castelnau, 1878). The standard carp Vtg 
did not showed a signal. The mouse anti-medaka Vtg monoclonal antibody at 1/1,000, 
1/2,000 and 1/5,000 showed signals in all plasma dilutions (4 µg to 40 pg total protein). 
Therefore, the sensitivity of the detection of Vtg was as little as 40 pg of total protein in this 
trial. The picture was not clear due to using of old reagent for detection. Therefore, the 
reagent was changed in the following sections. 
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Figure 5.4: Spot blotting results according to concentration of antibody solutions and 
sample dilutions. Upper row was standard Vtg from the common carp. There was no 
signal from standard Carp Vtg.  
 
The concentration of 1/1,000 primary anti-medaka antibody was applied to the spot 
blot experiment to determine the induction of vitellogenin in blood plasma of the fish. The 
control males expressed the presence of vitellogenin in relatively small amounts as shown in 
Figure 5.5. The induced males, dose 1-96 hr post injection showed remarkable level of 
induction comparing to the control groups. The control females exhibited the strongest signals 
of hybridisation among the tested groups.   
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Figure 5.5: Spot blotting result of Control-male, D1-96 hrs males and Control- females. 
Plasma effects (P) were shown, where there were no typical signals found. Three dot 
blots were performed.  
 
5.3.3 Polyacrylamide Gel Electrophoresis 
The samples were diluted in MilliQ Water to a concentration of 1 µg/ul at a total of 
100 µl. The plasma samples from the estrogenised female fish appeared to be viscous and 
sank quickly to the diluent (water). Since there was no Vtg medaka available, Standard Vtg 
Carp was loaded at 0.5 µg/well and the results are illustrated in Figure 5.6. The result was one 
of the seven SDS-PAGE of blood plasma of four males and three female fish. 
The electrophoresis of the plasma dilution of Melanotaenia fluviatilis showed a well-
preserved protein in the samples except the samples injected with the higher dose (5 µg/g 
fish) injection revealed some degradation as the lanes became clean. Both of the sexes 
showed a strong band of protein at approximately 148 kDa. In female fish, these bands were 
0.625  µg 1.25 µg 2.5 µg 5 µg 10 µg total protein 
Control 
Female 
D1-96 hrs 
male 
Control 
male 
P 
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relatively similar in intensity whereas male samples were more intense for treated groups, 
than the control group. These bands are likely to be vitellogenin, the protein of interest.
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Figure 5.6: Comassie Blue stained SDS-PAGE (8% (w:v) Acrylamide) results of plasma 
samples from four experimental males (A) and three females (B). A total of 1 µg/mL 
total protein was loaded in each well. Left lane; SeeBlue®Plus2 pre-stained protein 
standard.  
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5.3.4 Western blotting 
Proteins were deposited onto a nitrocellulose membrane and immunodetection results 
are shown in Figure 5.7. The results of the blot showed that the hybridization occurred with 
the 140 kDa approximately. At times three bands presented in a trial blot at 140, 122 and 42 
kDa, approximately as shown in Figure 5.7 (B). The band at approximately 71 kDa appeared 
as a background indicating similar loading of total protein in each lane, except lane 5, D1-48 
hrs, where the background bands appeared weaker than the others indicated a loading 
problem. There was negative staining of protein bands showing clear zones on the blot. 
Moreover, the negative staining effects were also usually found on the gel side of the 
nitrocellulose membrane. The expected signals were often found on the opposite side of the 
gel side. 
 
 
 
 
 
 
 
 
 
 161 
 
Ma
rke
r
Co
ntr
ol-
0 h
r
Co
ntr
ol-
96 
hrs
D1
-
12 
hrs
D1
-
24 
hrs
D1
-
48 
hrs
D1
-
96 
hrs
D2
-
12 
hrs
D2
-
24 
hrs
Fem
ale
 
            
(A) 
 
 
(B) 
Figure 5.7: A representative result of five Western blot hybridizations. Panel A showed 
the positive bands that appeared in treated fish samples but not the controls. Three 
positive bands were found in some blots representing approximately 140, 122 and 42 
kDa in panel B.  
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5.4 Discussions 
5.4.1 Observations 
The analysis of Vtg was conducted on the blood of M. fluviatilis. The collection of the 
blood had some limitations. Many studies which analyse chemicals in fish blood utilize blood 
collection via heart puncture, in this study, however, fish blood was collected by cutting the 
caudal fin. Since there is a blood vessel going directly to the fin from heart, blood was 
collected quickly and in sufficient quantities to allow further assays to be performed. The 
collection was, however, quite difficult since the fish were very small. In spite of this 
limitation, the caudal fin method has been used as a standard method for bleeding small sized 
fish (Kroll, 2004 personal contact).  
In the dosage treatment, mortality was observed in the group of fish exposed to the 
higher dose of E2 (5 µg/g fish), as a result, blood collection could be done only at 12 and 24 
hours post treatment. This observed mortality could be due to the inability of the male 
rainbowfish injected with the higher dose (5 µg/g fish) to eliminate Vtg. Schmid et al. (2002) 
also observed mortality after administration of E2 and explained this as due to the inability of 
the male fish to synthesize Vtg under normal conditions, resulting in negative effects on the 
fish such as kidney dysfunction and ultimately death of the fish. 
5.4.2 Sensitivity of the fish to the exposure 
The stimulation of Vtg production after intraperitoneal injection of E2 was observed 
even with a dose as low as 2 µg /g fish. That the Vtg protein is induced by intraperitoneal 
injection of 2 µg /g fish was confirmed by western blot analysis. The stimulation of Vtg 
production by this hormone has been reported in a number of different vertebrates including 
birds (Deeley et al., 1977) and fish (Rankouhi et al., 2004; Andreassen et al., 2005; Scholz et 
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al., 2005; Vaccaro et al., 2005) indicating that E2 is a potent estrogen and strongly enhances 
production of Vtg protein (Magalhaes et al., 2004). 
The time course of induction of Vtg protein using E2 has been studied in male 
greenback flounders (Rhombosolea tapirina) (Sun et al., 2003). Vtg was first detected at 48 
hours post administration and peaked at 96 hours after exposure. Consistent with these 
findings are the result of the present study with rainbowfish in which induction of Vtg was 
found as early as 12 hours post administration.  
Studies on the sensitivity of different fish species to estrogenic compounds has been 
reported by Thompson et al. (2000). In their study, induction of Vtg was compared between 
Japanese medaka (Oryzias latipes), sunshine bass (Morone saxatalis x Morone chrysops) and 
channel catfish (Ictalurus punctatus). Fish were exposed to waterborne E2 and EC50 values for 
plasma Vtg based on Vtg induction curves calculated relative to control values from these 
species for comparison. It was found that medaka with the lowest EC50 (200 ng E2/L) was the 
most sensitive fish, whilst EC50 in bass was 1,560 ng E2/L. Moreover, different estrogenic 
compounds produced a variety of responses from the same or different species of fish. This 
has been reported by Belt et al. (2003) where vitellogenin responses from two fish species, 
rainbow trout and zebrafish, treated with a variety of estrogenic compounds such as 4-tert-
octophenol (OP), 17α-ethynylesterase, 17β-estradiol, bisphenol A (BP) and dibutylphthalate 
(DBP). Their results showed that zebrafish are 5 times less sensitive to 4-nonylphenol (NP) 
than juvenile rainbow trout but there was no significant difference in induction by other 
estrogenic compounds tested.  
Whilst these studies are all informative, little can be concluded regarding the 
relevance of these fish to those obtained in the present study as the routes of administration 
are markly different (waterborne and intraperitoneal injection) and the fact that rainbowfish 
are a completely new species not studied previously with respect to sensitivity to E2. It is 
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possible however to conclude that rainbowfish responds to low levels of E2 (2 µg/g fish) 
while 2.5 times dose (5 µg/g fish) may result in increased mortality. 
With the same method of hormone administration, a study of Vtg induction in large 
mouth bass (Micropterus salmonoides) by Bowman et al. (2002) observed acute effects of E2 
exposure (2 mg/kg or 2 µg/g fish) by injection. They reported that plasma Vtg protein level 
was first detected by ELISA 6 hours post administration and peaked at 48 hours post 
exposure. The relatively short induction time for Vtg in this fish could indicate that large 
mouth bass is a sensitive/susceptible species with respect to E2. However, this study of Vtg 
protein induction in rainbowfish did not include the same time points as the study by Bowman 
et al. (2000) using large mouth bass and as such, it is difficult to directly compare the 
sensitivity to estrogen between these two species. However the current study clearly 
demonstrated that the induction of Vtg in the rainbowfish after 12 hour injection at the same 
concentration. 
Bowman et al. (2000) observed Vtg protein levels in Sheepshead minnow 
(Cyprinodon variegatus) 24 hours following a single injection of E2 (5 mg/kg fish or 5 µg/g 
fish). The results revealed first detection of Vtg protein via western blot analysis and ELISA 
at 24 hours following administration. The work reported in this thesis, however, did not 
include 12 and 24 hours after injection at 5 µg/g fish since mortality of fish at these time 
points was relatively high, as a result, there was insufficient blood collected to perform 
Western blot and dot blot analyses. The mortality of rainbowfish injected with a similar 
dosage to that used in the studies of sheepshead minnow suggest that M. fluviatilis is far more 
sensitive than C. variegatus to 17β-estradiol injection.  
5.4.3 The detections of native and denatured Vtg protein  
Given there is no antibody that has been specifically raised against rainbowfish Vtg 
prtotein, the monoclonal antibody raised against medaka Vtg protein was used. Cross 
reactivity with the rainbowfish protein showed 3 bands, one at 140 kDa, another at 122 kDa 
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and a third band at 42 kDa (Figure 5.7). Vitellogenin is a large protein comprising of 
lipovitellin, phosphovidin and β’-component, and the size of vitellogenin as determined by 
SDS-PAGE for teleosts ranges from 100-200 kDa (Hiramatsu et al., 2002; Watt et al., 2003). 
Cross reactivity of the anti-medaka anti-Vtg from rainbowfish resulted in 3 bands that reacted 
with this monoclonal antibody. It is therefore possible that the Vtg protein in rainbowfish 
(Melanotaenia fluviatilis) possess 3 forms, as is the case with the Atlantic salmon and 
greenback flounder reported by Watts et al. (2003). Hiramatsu et al. (2002) also found 3 Vtg 
isoforms in masu salmon (Oncorhynchus masou). They reported that these three major yolk 
proteins were lipovitellin, β’-component and phosvitin, and appeared in the positions 
corresponding to 92 kDa, 68 kDa and 22 kDa (lipovitellin-derived peptides), as well as 17 
kDa (β’-component). There were 2 distinct Vtg protein isoforms reported namely “VTG210” 
representing 210 kDa, and “VTG140” representing 140 kDa in tilapia (Takemura and Kim 
2001). Characterisation of Vtg protein bands found in the rainbowfish could indicate whether 
the bands of interest are isoforms of vitellogenin or degraded Vtg products. Vtg protein in 
some fish such as carp is known to be unstable and easily degraded (Fukada et al., 2003), 
thus, it is possible that the minor bands recognized by anti-Vtg might be the fragments of 
degraded Vtg. Further experiments on characterization of the rainbowfish Vtg could be useful 
for futher studies related to physiology of this species such as developmental stages of 
oocytes, detoxification processes and also could be useful to develop quantification and 
detection methods. These suggestions are addressed in Chapter 6. 
Data obtained via Western blot analysis showed induction of Vtg protein, however, 
levels of the Vtg protein detected seemed somewhat lower than that observed by the dot blots, 
which showed a strong signal and induction by E2 treatment, given that both procedures used 
the same antibody and detection protocols. One possible explanation is that during the 
Western blot protocols, the denaturation of the protein samples prior to electroblotting may 
lower the capacity of the protein to bind the monoclonal antibody after electrophoresis and 
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transfer to nitrocellulose membrane. The SDS-PAGE (Sodium Dodecyl Supfate-
Polyacrylamide Gel Electrophoresis) has been widely employed in protein work to denature 
proteins from their natural shape or conformations, unwinding them to a linear primary 
structure (Shi and Jackowski, 1998; Figeys, 2005). This denaturation could result in changes 
to the protein and as a result, remove the specific epitope to which the monoclonal antibody 
has been raised and therefore decrease binding activity between the anti-Vtg monoclonal 
antibody and the denatured Vtg protein. A study of banana shrimp (Litopenaeus merguiensis) 
vitellin, a major yolk protein in eggs, by Auttarat et al. (2006) employed native PAGE and 
western blot analysis. A similar procedure has been reported by Korsgaard and Pedersen 
(1998) for the isolation of vitellogenin from estrogen-treated male Zoarces viviparous. In both 
of these studies native PAGE was employed as a step to purify vitellogenin and then used to 
raise anti-vitellogenin antibodies in rabbit, followed by performing Western blots to assess the 
specificity of the affinity of antibodies raised. In these studies there was a stronger signal and 
binding between the protein separated on non-denaturing native gel systems and the 
antibodies.   
With regard to the observation in the present study, it may be possible to obtain a 
stronger signal in Western blotting by running blood plasma of the rainbowfish in a native 
condition gel. Alternatively, renaturation of proteins after electrophoresis in a denaturing 
SDS-PAGE could renature protein conformation similar to shapes prior to transfer and 
enhance detection by Western blot analysis. This procedure has been used in a number of 
studies such as the renaturation or refolding to produce an active form of protein as reported 
by Long et al. (2006) in refolding of Homodimeric bone morphogenetic protein-2 (BMP-2) 
used for bone grafting.  
Another significant limitation in the present study was the lack of a standard Vtg 
protein from M. fluviatilis. Purified and homogeneous Vtg protein from the species under 
study would not only provide a positive control to confirm binding of the medaka monoclonal 
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antibody but would also provide clear molecular weight standards. Also, if there was any 
specific proteolysis cleavage or processing of the Vtg protein, the size and distribution of the 
products would be easily observed. 
The availability of such a positive control would also enable the development and use 
of ELISA as a technique to easily and reliably quantify plasma Vtg protein. The procedures of 
well-developed monoclonal antibody productions were indicated in Marx et al. (2001) and 
Kamata et al. (2005) and polyclonal antibody productions as indicated in Lomax et al. (1998), 
Asturiano et al. (2005) and Auttarat et al. (2006). This could be another step in detection of 
estrogenic effect in the native Murray River species, M.  fluviatilis. 
Quantification of Vtg protein in the blood plasma of the rainbowfish in this 
experiment could not be done because of the lack of a standard. In order to quantitate the 
proteins precisely, ELISA would be a powerful tool once established for the rainbowfish, as it 
has been developed to quantify Vtg in many oviparous species, both for fisheries and 
aquaculture applications (Asturiano et al., 2005). Recently, Wunschel et al. (2005) reported a 
complementary method to quantify Vtg since antibody-based assays frequently required 
purification of Vtg and antibody production specifically for each species to develop better 
cross reactivity. They used matrix-assisted laser desorption/ionization mass spectrometry 
(MALDI-MS) coupled with HPLC analysis of the protein in fathead minnows (Pimephales 
promelas). This method gave measurement of Vtg from fish with less than 10 µL plasma. 
Moreover, the HPLC-MALDI-MS measurement of plasma Vtg in the minnows was similar to 
that obtained by the ELISA method. The method was therefore, validated to be applied for 
Vtg measurement in fish plasma. 
5.5 Conclusion  
In conclusion, Vtg protein in male rainbowfish was induced by a single injection of 2 
µg/g 17β-estradiol. The induction of protein was detected via immunochemical assays, 
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Western blot and dot blot analysis. The dot blot showed a consistent result with western blot 
hybridization in that Vtg protein in blood plasma of male rainbowfish was significantly 
increased in response to the injection of E2.  
Vtg protein levels were elevated significantly in the treated fish compared to the non-
treated group. The induction, however, appeared to be similar across the time points 
suggesting that high rates of protein synthesis probably saturate the translation system in the 
liver. Furthermore, injection of E2 intraperitoneally may stimulate the fish hepatocytes 
resulting in a rapid induction of Vtg mRNA transcription; but most of the hormone is 
eliminated quickly by liver cells as observed in sheepshead minnows (Cyprinodon variegatus) 
leading to mRNA clearance or decreasing of mRNA back to the basal level (Bowman, 2000). 
However, the protein could remain in the bloodstream since male fish do not have oocytes 
and therefore, lack of a system to eliminate the excessive levels of the Vtg protein.  
The results of Vtg protein induction relating to other molecular work, are addressed in 
Chapter 6, General discussion.  
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Chapter 6 General discussion 
6.1 Overview 
Ecotoxicologists in Australia commonly use the rainbowfish as a model species, 
generally based on responses at the protein level, and the proteins used in this work are 
generally referred to as biomarkers. These biomarkers include key enzymes involved in phase 
I biotransformation (e.g. the cytochrome P450 family, monooxygenases and glutathione 
transferase) as reviewed in Chapter 1.  
The development of biomarkers usually requires large amounts of sample, and often 
involves lengthy procedures that are time consuming and expensive to perform. Also, protein 
markers are the endpoint of the gene expression sequence, with gene activation, transcription 
to produce mRNA and translation to synthesise proteins all being required before the proteins 
are present within a cell or tissue. Further to this, a number of factors influencing post-
translational protein stability and half-life of protein products have been documented (Perez 
and Callard, 1992; Flouriot et al., 1996; Schmid et al., 2002; Warrier and Subramoniam, 
2003). As a result final assayed levels of a specific marker protein may not always be an 
accurate indicator of biological sensitivity and therefore may not be an ideal and sensitive 
early warning sign of environmental health or presence of the toxicants. The results presented 
in this thesis demonstrated that molecular techniques provide an alternative to overcome some 
of the limitations associated with the use of proteins in biomarker studies, and demonstrated 
this through an investigation of the responses of several genes (Vtg and 18S rRNA) following 
exposure of the rainbowfish to an estrogenic substance. 
In order to use these molecular or nucleic acid based techniques it is a prerequisite that 
nucleotide sequence of the genes under study is known, preferably the exact match of the 
species under investigation, but if this is not possible heterologous sequences from closely 
related species may suffice. With regard to the rainbowfish, M. fluviatilis (Castelnau, 1878), 
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only 4 gene sequences were available in publicly accessible databases at the outset of this 
study, therefore as a first step, a cDNA library was constructed and a number of genes 
isolated, sequenced and identified, of these 24 were new and previously uncharacterised 
sequences for this species.  
The gene survey from the liver cDNA library constructed from M. fluviatilis 
(Castelnau, 1878) listed 24 different gene fragments sharing similarity to known genes listed 
in public gene sequence databases. A total of 5 gene fragments were identified as possible 
candidates for use as potential molecular markers of exposure to endocrine disrupting 
chemicals (Chapter 3). These fragments share very high similarity to known and characterised 
reproductive protein sequences, vitellogenin, apolipoprotein A1, retinol binding protein, zona 
pellucida and sialyltransferase. These proteins have been used as molecular markers of 
exposure in other species (Lubzens et al., 2003; Asahina et al., 2004; Berg et al., 2004; 
Kondo et al., 2005). One gene fragment shared similarity with arginine-N-methyltransferase, 
an enzyme known to occur in phase II biotransform- ations which could also be a potential 
molecular marker for toxicant exposure studies or for use in ecotoxicological research.  
 The housekeeping genes (18S rRNA and GAPDH) were the largest group of clones 
found in the cDNA library of rainbowfish liver. These genes were employed in PCR 
experiments, northern blot and Southern blot hybridization as reference genes for gene 
expression experiments to provide an indication of basal levels of background gene 
expression. A possibility of employing each of these genes for gene expression could be 
further investigated since some chemicals may influence the expression of these genes as 
discussed in Chapter 4.  
Genes encoding structural proteins such as mitochondrial DNA and microsatellites can 
be used to reveal evolutionary information regarding the rainbowfish and as such can be 
applied to taxonomy studies. An example is mitochondrial DNA cytochrome b to resolve 
phylogenetic relationships when morphological traits are subjected to selection and 
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convergence (McGuigan et al., 2000). In a study of the phylogeny of a teleost fish genus 
Gobioidei goby, Thacker (2003) has reported the usefulness of employing mitochondrial 
DNA to reinterpret previously described morphological character data and to clarify the 
relationships among groups where morphological character data have proven insufficient. His 
study has provided a framework for future work using both molecular and morphological 
data. Moreover, Ruber et al. (2004) used mitochondrial DNA as a tool to identify changes of 
key traits involved in various forms of parental care in fighting fish (genus Betta). 
Mitochondrial DNA has been reported for its usefulness in defining the population structure 
of sardines (Sardina pilchardus) from two locations to ensure the sustainable management of 
these two stocks (Tinti et al., 2002). As mitochondrial DNA is used for individualisation of 
traces as described in Wittig et al. (2000), it could possibly be used in identification of stock 
of the fish species when the source(s) is unknown.  
These gene sequences identified in this thesis, when deposited in databanks, will be 
available for use in genetic manipulation research and genetic studies. as demonstrated in 
mitochondrial DNA research. This knowledge will provide understanding about the 
physiology of this species and its potential use as a model for biomarkers or molecular 
markers. 
Of those identified, there were a numbers of genes giving a non-specific match with 
genes in the databases. They could be novel genes represented in the Melanotaenia family. 
Once numerous gene sequences from a number of species are deposited to the database, the 
opportunity to identify these non-specific match clones would increase. 
In order to first establish the feasibility of using molecular techniques to measure 
specific gene expression as a biomarker, a “positive control” system needed to be established 
for rainbowfish. Fish were exposed to 17β-estradiol, or E2, the female reproductive hormone 
in fish. The function of this hormone as an inducer of estrogen-responsive elements that 
produce reproductive proteins as a result, has been intensively studied. The mechanism of 
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estrogen-responsive elements is depicted in Figure 6.1. Carnevali and Maradonna (2003) 
reviewed that estrogenic compounds exert their polluting effect by binding the estrogen 
receptor (ER) protein. The E2-ER complex interacts with estrogen-responsive elements 
(EREs) and activates transcription of the gene. Included amongst these EREs are vitellogenin 
mRNAs, choriogenin mRNA and estrogen receptors (Lee et al., 2002a). Based on the well-
documented role of Vtg protein as a reproductive protein (Hoar and Randal, 1969; Shioda and 
Wakabayashi, 2000; Arukwe and Goksoyr, 2003b) and with the number of ecotoxicological 
studies having used this as a protein biomarker of exposure to estrogenic chemicals in male 
fish (Pait and Nelson, 2003; Kleinkauf et al., 2004; Cargouet et al. 2006), the gene encoding 
the protein was chosen as the first candidate to test as a potential molecular based biomarker 
in rainbowfish exposed to estradiol. To test the utility of this approach, vitellogenin mRNA 
was quantified via northern blot hybridization and also via PCR-based assays. 
 
 
Figure 6.1: Mechanisms of estrogen-responsive elements (ERE). In this case, 17β- 
estradiol from the ovary is the signalling molecule that activates the transcriptional 
apparatus controlled by the estrogen receptors (ER) in association with a specific DNA 
recognition motif, estrogen response element (ERE), in the estrogen target cell (e.g. 
uterine cell) (McLachlan, 2001). 
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A variety of strategies of exposure can be applied for exposure to E2, for example, 
aqueous exposure, oral administration, or injection. In this study intraperitoneal injection was 
selected since it resulted in acute effects of the exposure, at least at the genome level and 
would allow for a clear indication of the utility of a molecular approach for exposure to 
toxicants. However, the injection method can also result in mortality from handling compared 
to other methods presented in other studies. The results presented in Chapter 5 demonstrated 
that the delivery of E2 does induce production of vitellogenin, the egg yolk protein, in M. 
fluviatilis via vitellogenin mRNA regulation.  
Measurements of vitellogenin mRNA levels in non-treated male fish were much lower 
than that of the female fish when measured via northern blot and semi-quantitative RT-PCR 
(Chapter 4). These results are consistent with the minute amounts of vitellogenin protein in 
the body of male fish (Tolar et al., 2001). The absolute levels of measured mRNA are 
determined by a number of factors, including stability of specific mRNA molecules, with 
estrogen as a factor known to influence the stability of mRNA molecules (Brock and Shapiro, 
1983). The results reported in Chapter 4 of this thesis are consistent with the hypothesis that 
there is a rapid transient increase of Vtg mRNA in liver of male fish after injection with E2. 
An extension of these observations through 24 and 48 hours after injection highlights a 
decrease in Vtg mRNA that may be a result of declining E2 levels in the liver of treated fish. 
Profiles of clearance of injected E2 after administration by injection in Sheepshead minnow 
(Cyprinodon variegates) similar to fathead minnows (Pimephales promelas) studied by Korte 
et al. (2000) is explained in Bowman et al. (2000) showing a significant clearance from the 
liver 6 hours post-administration. The amount of remaining injected E2 could be further 
reduced by its binding to plasma proteins (e.g. albumin or sex-hormone binding globulins) 
and metabolism in the liver before reaching the estrogen receptor (reviewed in Bowman et al., 
2000). Whilst there are no similar studies available for rainbowfish, a similar response would 
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be consistent with the transient increase in Vtg mRNA observed. Furthermore, this could be 
in part due to the destabilization of mRNA following hormone withdrawal (Gordon et al., 
1988). More recent work by Lim et al. (1991) have reported a similar effect of destabilization 
of Vtg mRNA and rapid clearance when estrogen treatment was extended beyond 3 days. As 
a result, it is suggested that the half-life of Vtg mRNA may be short. To enhance the half-life 
of Vtg mRNA, Bowman et al. (2000) suggested a double exposure to E2 in Sheepshead 
minnow (Cyprinodon variegates) by intramuscular injection for an acute effect.  
The delivery and concentration of any chemical at target tissues is called 
toxicokinetics of which the fundamental processes involves absorption, tissue distribution, 
metabolism and elimination (Chou et al., 2006; TenBrook et al., 2006). This information 
could partly reveal the actual amount of chemicals, which is E2 in this thesis, contributing to 
Vtg mRNA induction. In a study of metabolism and excretion of 17α-ethynylestradiol (EE2), 
the active component in oral contraceptives, Schultz et al. (2001) provided details on plasma 
EE2 profiles in adult male rainbow trout (Oncorhyncus mykiss) via injection. It was found that 
the clearance of EE2 at low doses (0.001-1 mg/kg) was rapid, reflecting shorter half-lives 
compared to that at a higher dose (10 mg/kg). At 1 mg/kg dose and 48 hours post-
admistration, these authors suggested that a significant amount of conjugated EE2 was 
secreted into the bile of trout serving as a depot for EE2 and was released into the gut when 
the gall bladder emptying event occurred. Conjugation with glucuronide or sulfate and 
subsequent excretion in bile and urine is known to be an important elimination route for 
natural and synthetic steroids (Back and Rogers, 1987). The conjugated EE2 was then 
deconjugated in the gut and reabsorbed, in fact, re-dosing the fish. The results in this thesis 
indicated transient expression of Vtg mRNA at 48 hours post-injection, and it could be 
possible that the fish were re-dosing with estradiol due to this enterohepatic recirculation. 
Therefore, further experiments on the toxicokinetics of E2 in the rainbowfish is required to 
clearly explain the events occurring when the fish are treated with 17β-estradiol since 
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interspecies variation of elimination pathway in vertebrates could result in different 
biotransformation as stated by Gregus et al. (1983).  
Brown (2005) conducted a long-term field study in male mosquitofish (Gambusia 
holbrooki) exposed to sewage effluent and suggested that morphological endpoints such as 
gonadosomatic index (GSI), presence of gonopodial hooks and ration of fin ray length could 
be due to genetic and/or environmental differences. To provide stronger evidence, her thesis 
employed Vtg mRNA as a probe to assess the effects of EDC via the Real-Time PCR 
technique. Brown (2005) suggested that this technique was ideal for quantifying Vtg mRNA 
in small organisms and only small amount of RNA was required for detection of the 
transcript. The current thesis also presents valuable use of molecular techniques as a first step 
to assess environmental health using another small species of fish, the rainbowfish, as a 
bioindicator. 
The use of Vtg mRNA as a molecular marker to screen estrogenic contamination in 
the environment has been strongly emphasized in two field studies (Canapa, 2002; McClain et 
al., 2003). However, the kinetics of Vtg mRNA after exposure as suggested in this thesis was 
not a focus in the work of Brown (2005) and could not be compared to this thesis since they 
were markedly different. As the mosquito fish studied in Brown (2005) was regularly exposed 
to treated effluent from major sewage treatment plants, the induction of Vtg mRNA would be 
maintained at a high level in the fish sampled from these sites at all times. Her results 
indicated that the induction of Vtg mRNA in mosquitofish was relatively high in fish from 
contaminated sites compared to clean sites and fish from upstream sites had more induction 
than those from downstream sites. The factor affecting the induction suggested by Brown 
(2005) was related to fish behaviour in migration, dilution of estrogenic compounds and 
exposure time lapse due to river flow. In the current thesis, however, factors affecting 
induction of Vtg mRNA were mostly in vivo effects due to estradiol exposure and to the 
factors relating mainly to the physiology of the fish.  
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The findings in this thesis support previous studies reporting the induction of 
vitellogenin by 17β-estradiol in male fish either at the molecular or protein level (Bowman et 
al., 2002) as the pattern of Vtg mRNA induction was similar. Protein induction, however, 
only showed a significant difference between non-induced and induced fish and was not 
significantly different at the different time points. This could indicate that there are different 
rates of Vitellogenin transcription and translation. The Vtg mRNA transcription rate could 
increase many-fold from the basal level and diminish rapidly from hepatocytes, whilst the 
protein synthesis could increase only a few folds and be retained in the circulatory system. It 
may be possible to see strong induction of Vtg synthesis by increasing the time frame of 
exposure and if and when an ELISA technique can be developed for the rainbowfish it would 
be possible to investigate vitellogenin levels in the hepatocytes to confirm this.   
The Real-Time PCR (QPCR) experiment was employed to quantify the induction of 
Vtg mRNA compared to 18S rRNA in control and treated samples. It was found that the 
technique was highly sensitive, i.e. could detect only a few copies of the gene. Due to its 
sensitivity, careful experimental design, such as a good primer design to avoid primer dimer 
formation, good quality templates and accurate quantification of the templates were required. 
The results of QPCR, however, were inconclusive since the total RNA samples were 
degraded upon storage leading to inconsistency with the previous two methods. 
To confirm that Vtg mRNA finally expresses the protein, western blot analysis was 
employed (Chapter 5).  The protein hybridization via western blot analysis presented a profile 
of estradiol exposure in the fish. It was also demonstrated in this chapter that medaka anti-Vtg 
primary antibody gave a cross-reaction with Vtg in the rainbowfish as expected from 
similarity in deduced Vtg amino acid sequences.  
This study has therefore clearly demonstrated that molecular techniques i.e. mRNA 
quantification can provide a sensitive and early signal in detection of exposure to estradiol or 
estradiol-like compounds in M. fluviatilis.   
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6.2 Vitellogenin kinetics 
6.2.1 Relationship of Vtg mRNA and protein  
Bowman et al. (2000) reported that in sheepshead minnows given a single injection at 
low concentration of E2, the levels of Vtg mRNA peaked after 48 hours, followed by a return 
to basal level. The results in this thesis followed the same manner of induction via an 
observation in the northern blot hybridization. The work of Bowman et al. (2000) suggested 
that E2 might somehow stabilize Vtg mRNA resulting in decrease of Vtg mRNA after 2 days. 
At the protein level, Bowman et al. (2000) suggested that Vtg protein appeared to last longer 
in plasma than the mRNA in the liver. This could be because male fish do not have well-
developed pathways of Vtg protein elimination. These authors reported that Vtg protein is 
degraded by proteases in the plasma and finally removed by the kidney.  It is possible that 
excessive plasma Vtg in male fish stimulated by a high dose of E2 in the recent experiment (5 
µg/g fish) could have resulted in mortality due to kidney pathology as reported in Folmar et 
al. (2001). These authors found that the accumulation of Vtg protein and other estrogen-
inducible proteins result in hepatocyte hypertrophy, disruption of spermatogenesis and 
obstruction or rupture of renal glomeruli. 
In addition to the study of Bowman et al. (2000) regarding Vtg protein degradation, 
evidence of a Vtg break down system was reported by Inaba et al. (1997) whereby 
degradation of vitellogenins by 170 kDa trypsin-like protease was found in the plasma of the 
tilapia (Oreochromis niloticus). They demonstrated that this protease attacked the Vtgs and 
nicked them without a great deal of changed in conformation or dimeric structure. Their 
report suggested that the 170 kDa protease might be involved in Vtg processing which 
occurred in blood just before  incorporation into oocytes. This protease was found in 
estrogen-uninduced males.  
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In the current study, however, the level of Vtg protein in blood plasma at 48 hours 
post exposure did not showed promising differences from the other time points, in fact, Vtg 
protein levels appeared to be similar at all time points. It is interesting to note that Vtg mRNA 
levels do not reflect Vtg protein levels in bloodplasma of the rainbowfish. The result in this 
thesis is consistent with that suggested by Bowman et al. (2000) that while mRNA levels 
increase 42-fold in response to E2 injection, the protein level increase only by 3.5-fold. The 
authors indicated that these high rates of transcription probably saturate the translation 
machinery in the liver. Another explanation reviewed by these authors is the probability of 
quick metabolism of E2 by the liver and a rapid clearing from plasma of fathead minnows 
(70% in 6 hours).  
6.2.2 Vtg protein mechanisms (Synthesis and break down systems)  
In the process of vitellogenesis, Craik (1978) reported that considerable Vtg 
accumulation was found in small oocytes, while the fully-grown ova hardly uptake the Vtg. 
Males do not have ovaries like females, therefore, they do not possess the natural repository 
for the secreted proteins. Until now no specific metabolic pathways for Vtg protein have been 
found in the male fish, thus elimination of this large protein could be difficult in them 
(Schmid et al., 2002). Many possibilities of Vtg elimination from plasma have been 
suggested. Schultz et al. (2001) proposed that the Vtg could be eliminated or distributed into 
interstitial fluid and Vtg might be concentrated in peripheral tissue(s), possibly was the 
kidney. Schmid et al. (2002) reported that Vtg in plasma of male fathead minnows exposed to 
17α-ethinylestradiol for 35 days decreased because of two factors. Firstly, it was the result of 
metabolizing enzymes such as P450s since steroids have been known to induce the activity of 
these enzymes. The second mechanism was unknown, but it was believed that it is caused by 
resorbtion mechanisms; for example, Vtg protein might be filtered and thus excreted via the 
kidney and resorbed again. This might result in rather long half-life of Vtg in male fathead 
minnow. 
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 Another example on Vtg protein elimination in fish was suggested in Hemmer et al. 
(2002). These authors found that induced Vtg level in adult sheepshead minnows during and 
after the cessation of exposure to E2 and NP in an intermittent flow-through system reduced 
within 8 days post-exposure. The clearance of Vtg plasma was found in low dose samples in 
which Vtg protein levels began decreasing within 4 days after exposure cessation and 
continued to be eliminated drastically from plasma. It was found that plasma Vtg protein 
could be detected for months after initial exposure to an estrogenic compound and that the 
plasma Vtg protein clearance was concentration and time dependent. 
The plasma Vtg protein profiles studied in an endocrine disrupting chemical, 
Bisphenol A (BPA) indicating lag period of the protein synthesis was reported by Lindholst et 
al. (2001). They found that there was a lag period of 5-7 days in male rainbow trout 
(Onchorhyncus mykiss) exposed to BPA through injection before a significant Vtg protein 
response. A possible generation of cellular components (e.g. de novo synthesis of additional 
oestrogen receptors) necessary for the synthesis of vitellogenin may occur during this lag 
period (Lindholst et al., 2001).  The absorption of E2 after exposure and Vtg protein synthesis 
in plasma of the rainbowfish could be similar. However, the recent experiment was designed 
for acute exposure (96 hours) due to limitation of experimental mature male fish so the result 
of lag phase could not yet be seen. Thus, it may not reflect elimination process of the protein 
as suggested elsewhere. This would require further study on the impact of a single or double 
exposure of E2 on the rainbowfish in order that plasma Vtg profiles could be investigated 
according to a longer time frame due to memory effect resulting from increased transcription 
rate, chromosomal rearrangement, or factors affecting synthesis, processing, export or 
stability of RNA (reviewed in Bowman et al., 2000). Examples of the memory effects are 
indicated in Xenopus laevis (Brock and Shapiro, 1983) and sheepshead minnows (Bowman et 
al., 2000).  
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Increasing estrogen dose or exposure rate probably results in an increase in estrogen 
receptor recruitment leading to progressively more Vtg synthesis (Schultz et al., 2001). 
However, this method could be harmful to the rainbowfish because of handling this small 
sized fish. Prolonged exposure of the animal to waterborne E2, in either static or continuos 
flow-through systems could be used as exposure methods in order to maintain Vtg level 
within the fish without too much handling of the fish that may result in physical injury. 
The recent experiment indicated the possibility that Vtg proteins could be used as a 
biomarker of xenoestrogenic exposure in the rainbowfish as the proteins were maintained in 
the circulation system of the fish at a measurable level to be detected by the western blot 
assay. The protein also could be detected in the induced male fish within the first 12 hours 
indicating the sensitivity of the fish for possible use as a model for estrogenic exposure.  
6.3 Molecular markers as a tool for detection of exposure to xenobiotics 
More mRNAs coding for reproductive proteins, such as apolipoprotein and zona 
pellucida proteins have been reported for their usefulness as estrogen responsive genes. These 
transcripts could be examined further for their potential application in estrogenic exposure, in 
comparison to the Vtg gene in terms of sensitivity. This would eventually result in a set of 
molecular markers giving an early sign of a possible environmental estrogenic exposure.   
 The in vitro bioassays are rapid, straightforward and inexpensive (Francois et al., 
2003). However, tt should be noted that the PCR based experiments requires high quality of 
total RNA for reverse transcription into cDNA for accurate quantitation (Larkin et al., 2002). 
Along with high quality template RNA, primer design has indicated the successfulness on a 
PCR based experiment. Sufficient information of sequences would be a key to facilitate 
primer specificity. Moreover, optimization of PCR conditions such as concentration of 
components (especially MgCl2 and primers) and annealing temperature could considerably 
influence the result. Within a limitation of time, this recent study shows induction of Vtg gene 
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in fish exposured to E2 via a specific primer design. However, to establish a quantitative PCR 
method, further experiments would need to be done.  
The twenty-four gene fragments identified from the cDNA library could provide 
information for primers design in these PCR based experiments. A careful design would be 
required so that specific primers with no secondary structure formation (e.g. primer dimers) 
could be obtained. In addition, a full-length gene could be synthesized by employing such 
techniques as RACE cDNA amplification using these fragments and then be utilized further 
for gene expression experiments.   
6.4 Future studies on endocrine disrupting chemicals 
6.4.1 Further sequencing and a custom cDNA microarrray:  
The microarray technology that has emerged in the last decade has been useful for the 
study of gene expression profiles in many organisms (Xiang and Chen, 2000; Pennie et al., 
2001). DNA microarray is generally a glass microscope slide or a solid medium (Pennie et al., 
2001) on which many thousand of DNA sequences have been spotted/immobilized by the aid 
of advanced robotics technology, surface chemistry and miniaturization (Francois et al., 
2003).  The basic principles of microarray involve specific hybridization techniques between 
these immobilised DNA sequences with labelled mRNA prepared from samples under testing 
and quantification of the complimentary hybridizations (Pennie et al., 2001). These 
hybridization techniques are similar to the conventional hybridizations, northern blot and 
southern blot assay. In a microarray experiment, two mRNA populations are prepared from 
the cells or tissues, and then labelled with fluorescent dyes (Brown and Botstein, 1999) 
usually in the form of cDNA before hybridization to the microarray (Pennie and Kimber, 
2002). The array is subsequently scanned, visualized and quantitated using software analysis 
to determine the fluorescent measurements of hybridization of the labelled probes to the 
corresponding cDNA spots (Pennie and Kimber, 2002) indicating abundance of the gene. 
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Comparison under different conditions i.e. control and test samples is determined as a ratio 
indicating relative abundance of a specific gene, the greater abundance of the genes indicates 
up-regulation under treatment and the lower abundance of the gene reflects down-regulations 
(Brown and Botstein, 1999).  
In future research in ecotoxicology, this DNA microarray-based technology will 
expand the scope of the gene expression analysis. Instead of focusing on “one gene at a time”, 
this new genomic technology allows an observation of thousands of gene expressions at a 
time (Francois et al., 2003). Miracle et al. (2003) reported that there were no readily 
available, complete gene databases for ecologically relevant aquatic organism. Thus, the 
present study of gene identification in the rainbowfish has been the first major step in an 
attempt to fill this gap for genes of ecotoxicological relevance from an Australian native fish. 
Once the genome of the rainbowfish is more thoroughly analysed, it will serve as a powerful 
tool to aid the analysis of patterns of expression of transcriptome analysis i.e. analysis of the 
globally expressed genome (Miracle et al., 2003). A more complete understanding of genes 
induced by toxicant exposures can then be used in fabricating a custom cDNA array for use 
specifically in studying Australian aquatic systems.  
To identify the toxicant or stressors, patterns of gene expression of exposure to known 
toxicants or groups of toxicants with similar mechanistic toxicology could be matched with 
the patterns received from samples (Miracle et al., 2003). Snape et al. (2004) presented an 
interesting schematic illustration of DNA microarray application in regard to ecotoxicology 
studies. Figure 6.2 shows the significance of gene signatures to identify mode of action of a 
single chemical or complex environmental mixtures. This picture shows an example using 
rainbow trout to investigate endocrine disrupting chemicals in sewage effluent. A similar 
process could be used in the Australian environment with the native species, M. fluviatilis 
(Castelnau, 1878). 
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Figure 6.2: The application of gene expression signatures to identify the potential 
mechanism of action of an unknown environmental contaminant (adapted from 
Nuwaysir et al. (1999) by Snape et al. (2004)).  
 
There are several techniques for non-specific gene discovery other than via 
constructing a non-enriched Expressed Sequence Tag (EST) library. These techniques include 
subtractive hybridization library cloning and differential display. Subtractive hybridization 
enables one to compare two different populations of mRNA in order to obtain cDNA clones 
that are differentially expressed in one tissue compared to another (reviewed in Larkin et al., 
2003). This strategy has been performed to help identify weakly expressed genes that may not 
be presented in large-scale EST sequencing project (O'Farrell et al., 2002), and also enables 
one to obtain highly abundant transcripts (Larkin et al., 2003). The genomic study of M.  
fluviatilis could be encouraged by subtracted hybridizations so that more relevant transcripts 
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could be obtained. Whether this technique proves to be an easier approach than the cDNA 
construction technique used in the current study remains to be elucidated. 
6.4.2 Exposure to estrogenic compounds, pollutants and long-term exposure 
The exposure to endocrine disrupting chemicals with strong estrogenic potency and 
other anti-estrogen compounds will expand understanding about M. fluviatilis (Castelnau, 
1878) and their reproductive enzyme regulation at transcription level. This will also be the 
required laboratory validation experiment which is important prior to applying the genomic 
techniques to field monitoring (Miracle et al., 2003) such as in the Murray-Darling River. A 
pattern of vitellogenin mRNA expression via pollutant exposure, either conducting an in situ 
experiment or sampling of the fish from a polluted site compared to a clean site, could be 
performed in order to obtain this information.  
The current study demonstrated an acute induction effect after injecting with the 
natural hormone. The long-term effects of endocrine disrupting chemicals in rainbowfish 
should be further investigated using the techniques used to study vitellogenin induction by 
estradiol in this study. This would also identify if induction of vitellogenin in males would 
lead to altered sexual behaviour that is usually linked to changes in fish population structures 
in this species.  A study of two generations of rainbowfish could be practical since it has a 
short life cycle. It has been suggested by Hutchinson et al. (2006) that the study of long-term 
effects via full life cycle studies would capture all the end points collected during the shorter-
term developmental, and reproduction assays such as fecundity, fertility and larval viability.  
6.4.3 Investigation of genes relevant to estrogenic hormone treatment in teleost.   
The effects of the estrogenic hormone on male fish have been intensively investigated 
(Allner et al., 1999; Bjerselius et al., 2001; Berg et al., 2004). This hormone not only directly 
affects vitellogenin production, but also enhances production of cytochrome P450s. (Buhler et 
al., 2000) studied the effects of gonad hormones on the expression of hepatic P450s and their 
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associated enzyme activities in rainbow trout. These authors found significantly lower levels 
of hepatic microsomes, lauric acid hydroxylase, [3H] aflatoxin-DNA binding, and lower 
levels of individual cytochrome P450s proteins in both sexes of fish after treatment with E2. It 
was suggested that exposure of the organisms to endocrine disruptors, or especially to 
chemicals that mimic estrogens, can cause adverse effects on many physiological processes 
due to changes in cytochrome P450 isozyme levels. Whether inductoin of E2 to male 
rainbowfish results in enhancement of cytochrome P450s remains to be investigated.   
6.4.4 Protein purification and antibody production 
Vitellogenin detected in the blood plasma of the rainbowfish could be further purified 
and used to raise an antibody in mouse, rabbit or goat. The purification methods have been 
studied widely in fish. In carp and perch, vitellogenin was purified by a combination of two 
methods, ion exchange chromatography and size exclusion chromatography. The resulting 
vitellogenin was used as an antigen to produce antibody (Lomax et al., 1998; Hennies et al., 
2003). Sub-lethal estrogenic exposure in rainbowfish would encourage vitellogenin synthesis. 
Then blood sampling and protein purification as described in Hennies’s work would result in 
purified vitellogenin so that an antibody could be raised. Once the antibody is available, 
detection and quantification of vitellogenin protein in exposure rainbowfish would be possible 
via ELISA techniques.  
6.5 Concluding remarks 
M. fluviatilis (Castelnau, 1878) is suitable for toxicity testing because of its small size 
and ease of breeding in the laboratory environment. Its short life cycle makes it ideal for 
conducting a full life cycle test. The natural habitat of this species is in the Murray-Darling 
basin, which is vulnerable to xenobiotic contamination due to human urbanization, and the 
application of the fish as a bioindicator of environmental contamination should not be 
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ignored. Vitellogenin mRNA and Vtg protein of M. fluviatilis (Castelnau, 1878) could be 
potentially used as molecular markers, as well as biomarkers of estrogenic effect.  
This study identified 24 gene fragments in M. fluviatilis (Castelnau, 1878) that could 
serve as a platform for further study in gene expression research. It is now clear that 
understanding of gene expression due to in vivo exposure of hormones or hormone mimics 
has become a central study  to gain early warning signs of environmental contamination 
(Miracle et al., 2003). Many fish species have been used as models depending on the habitat 
preferences of the species, being manageable in the laboratory and their sensitivity to the 
tests. These qualities are found in M. fluviatilis (Castelnau, 1878) making it a commonly used 
test organism in ecotoxicology studies in Australia. The study described in this thesis is 
another step in the use of this fish in biomonitoring by applying gene expression and 
molecular biology techniques to environmental studies in this fish species. This study is one 
of the first to investigate genes of ecotoxicological interest in M. fluviatilis (Castelnau, 1878).  
This study also reveals the possibility of applying molecular biology techniques to 
investigate the gene expression in hormone injected fish. This would link to further 
investigations on changes in hormone levels with exposure to environmental contaminants 
using a rapid, accurate and straightforward procedure. As a result, it would bring about an 
early warning of environmental contamination leading to proper actions to solve problems 
before damage at population levels. Further investigation into the relationship between gene 
expression and protein demonstrated in this study could lead to further understanding of the 
physiology of the rainbowfish in terms of their ability to overcome exposure to hormone 
mimics in the aquatic environment. This in turn could be applied to understanding physio- 
logical changes as a result of exposure to xenobiotics in other vertebrate species,  including 
humans.            
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Chapter 8 APPENDICES 
A. List of buffers and solutions used 
• Solutions and buffers for hybridization 
1. 0.2M EDTA  
0.744 g Na2EDTA  
10 mL DEPC water  
Autoclave the solution before use. 
2. 20X SSC, 1 L 
3 M Sodium Chloride (175.32 g/L) 
0.3 M sodium citrate (88.23 g/L) 
Dispense 1 mL of DEPC (0.1% v/v) into the solution and shake well. Incubate the 
solution at 37oC for overnight, then autoclave it before use. 
3. 2X SSC, 1 L 
Dilute 10 times of 20X SSC with with MilliQ water then treated with 0.1% DEPC (v/v). 
Incubate the solution at 37oC for overnight, then autoclave it.  
4. 0.1X SSC 
Dilute 200 times of 20X SSC with MilliQ water then treated with 0.1% DEPC (v/v). 
Incubate the solution at 37oC for overnight, then autoclave.  
5. Washing buffer 
0.1M Maleic acid 
0.15M NaCl  
Prepare the solution with DEPC treated water. Adjust to pH 7.5, then autoclave before 
adding 0.3% Tween 20 (v/v) 
6. Maleic acid buffer, pH 7.5 
0.1M Maleic acid 
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0.15M NaCl 
Adjust to pH 7.5 with NaOH (solid). Dispense 0.1 % DEPC (v/v) into the solution, shake 
well and incubate at 37oC for overnight and autoclave the solution. 
7. Detection buffer, pH 9.5 
0.1M Tris-HCl 
0.1M NaCl 
Prepare the solution with DEPC treated water. Adjust to pH 9.5 and autoclave the 
solution before use. 
8. TE buffer pH 8.0 
Tris-HCl 
Prepare the solution with DEPC treated water. Adjust to pH 8.0 with NaOH (solid) 
and autoclave the solution before use. 
9. Stripping buffer 
0.2N NaOH (8 g/L) 
0.1% SDS (w/v) 
10. Plasticware rinsing solution 
0.1M NaOH 
Add 0.1% DEPC into the solution, shake well and leave it at 37oC overnight before 
autoclaving. The solution could be kept at room temperature. 
11. Gel tank (Biorad) rinsing solution 
Dissolve 2 g of SDS and add into DEPC treated MilliQ water to the final volume of 100 
ml to get 2% SDS. 
12. Glassware rinsing procedure 
Soak the glasswares in 0.1% DEPC in MilliQ water at 37oC for overnight before 
autoclaving. 
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• Agarose gel electrophoresis running buffer 
1. 10x TBE, 2 L 
216 g Triz base (Amresco)  
110 g boric acid 
18.6 g Na2EDTA 
Add water to 2000 mL  
2. 1x TBE 
Dilute 10x TBE with MilliQ water by adding 900 ml of water into 100 ml of 10x TBE. 
3. 10X Formaldehyde Agarose (FA) gel buffer, 1 L 
41.8 g  3-[N-morpholino]propanesulfonic acid (MOPS) (free acid) 
4.1 g Sodium acetate 
3.7 g EDTA 
Adjust pH to 7.0 with NaOH 
4. 1X FA gel buffer 
Dilute 10x FA gel buffer with DEPC treated water. 
• Polyacrylamide Gel Electrophoresis (SDS-PAGE) 
1. Electrophoresis buffer, 1 L (Protein Method) 
3 g Tris 
14.4 g glycine 
1 g  SDS or 0.1% (v/v) final volume 
Add water to make 1 L, pH of the buffer should be approximately 8.3. Keep it at 
room temperature.  
2. Coomassie gel stain, 1 L (Protein Method) 
1 g Coomassie Blue R-250 
40 mL methanol 
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450 mL water 
100 mL glacial acetic acid 
3. Coomassie gel destain, 1 L (Protein Method) 
100 mL methanol 
100 mL glacial acetic acid 
800 mL water 
• Western blot buffers and solutions 
1. Towbin solution (10X), 500 ml 
30.3 g Trizma Base® (25 mM Tris), Sigma, Catalogue number T1053 
144 g Glycine (192 mM Glycine), Sigma 
500 ml distilled water 
2. Towbin solution (1X), 1 L 
200 mL Methanol (BDH) 
100 mL 10x Towbin solution 
700 mL MilliQ water 
3. BSA (3% and 0.5%) 
Dissolve 3 g of BSA into a final volume of 100 mL TBS buffer to get 3% BSA. 
Dissove 0.5 g of BSA into a final volume of 100 mL TBS buffer to get 0.5%. 
The solutions should be able to keep at 4oC for months. Discard if any contamination 
is observed. 
4. Blotto (2% and 5%) 
Dissolve 2 g and 5 g of Skimmed milk powder into a final volume of 100 mL TBS to 
get 2% and 5% Blotto, accordingly. The solutions should be able to keep at 4oC for 
months or until contamination in the container is found. 
5. Tris-Buffered Saline (TBS) , 0.5 L  
5 mL  2 M Tris-HCl (157.6 g Tris-HCl in 0.5 L water, pH 7.5) 
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37.5 mL 4 M NaCl (116.88 g NaCl in 0.5 L water) 
957.5 mL  MilliQ water 
To make TBST, add Tween20 into the buffer (2 µL in 10 mL TBS). 
6. AP colour development buffer  
4 mL 25X AP colour development buffer (Biorad, Australia) 
96 mL MilliQ water 
7. AP conjugate substrate solution (Kit format, Biorad, Australia) 
125 µL Reagent A 
125 µL Reagent B 
12.5 mL AP colour development buffer 
Freshly prepared solution is recommended.  
• Loading buffers 
1. Loading dye 
0.025 g Bromophenol blue 
0.025 g Xylene cyanol FF 
3 g Glycerol 
Make up to 10 mL with MilliQ water. Shake well and keep it at room temperature. 
2. Loading buffer for total RNA 
2.1 Loading buffer 1 (5x loading buffer), 1 mL 
1.6 L Bromophenol blue solution (or 6x gel loading dye) 
8 µL 500 mM EDTA, pH 8.0 
72 µL Formaldehyde (37% or 12.3 M formalin) 
200 µL 100%Glycerol (DNase and RNase free) 
308.4 µL Formamide 
400 µL 10x FA gel buffer 
10 µL DEPC treated water 
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Mix the contents thoroughly by pipetting. Store the loading buffer at 4oC for up to 3 
months. 
2.2 Loading buffer 2 (for DIG-labeled RNA marker) from https://www.roche-applied-
science.com/pack-insert/1526529a.pdf 
250 µL Deionized formamide 
83 µL 37% formaldehyde (v/v) 
50 µL 10X MOPS buffer 
0.01% bromophenol blue (w/v) 
Adjust to 400 µL with DEPC treated water. 
3. Loading buffer (5X) for protein electrophoresis, 10 mL (Protein Method) 
0.6 mL 1 M Tris-HCl (pH 6.8) 
2 mL 10% SDS 
0.5 mL 2-mercaptoethanol 
1 mL 1% bromophenol blue 
0.9 mL MilliQ water 
Solutaion is stable for weeks at 4oC or for months at –20oC. 
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B. Lists of media and plate 
• Transformation 
1. LB medium (per liter) 
10 g Bacto®-tryptone 
5 g Bacto®-yeast extract 
5 g NaCl 
pH should be 7.0. If not, the solution should be adjusted to pH 7.0 by NaOH. 
To make LBA plates, add 15 g agar to 1 L LB medium and autoclave. Allow medium to 
cool to 50oc before adding 1 mL of ampicillin (50 mg/mL). Pour the medium into 85 mm 
Petri dishes. When the agar is solidified, keep the plates at 4oC.   
To make LBA/IPTG/X-Gal plates, it is important to dry the agar in a laminar flow. When 
the plates are dry completely (about 30 minutes), drop 40 µL of 0.1 M IPTG in the centre 
of the plate. Drop 16 µL of 50 mg/mL X-Gal (Promega, U.S.A.) on the top of IPTG. 
Then spread it evenly on the agar. Allow the agar to absorb IPTG/X-Gal for 30 minutes 
before use.  
2. SOC medium (100 mL) 
2.0 g  Bacto®-tryptone 
0.5 g Bacto®-yeast extract 
1 mL  1 M NaCl 
0.25 mL 1 M KCl 
1 mL 2 M Mg2+ stock, filter-sterilized  
1 mL  2 M glucose, filter-sterirized 
Add Bacto®-tryptone, Bacto9R)-yeast extract, NaCl and KCl to 97 mL distilled water 
and stir to dissolve. Autoclave and cool to room temperature. Add 2 M Mg2+ stock and 2 
M glucose, each to the final concentration of 20 mM. Bring to 100 mL with sterile, 
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distilled water. Filter the medium through a 0.2 µm filter unit. The final pH should be 
7.0. 
3. Chemicals involved in transformation 
3.1 Amphicillin stock solution (50 mg/mL) 
3.2 X-Gal (50 mg/mL) (Promega, U.S.A.) 
3.3 IPTG stock solution (0.1 M) 
Add water to 1.2 g IPTG to 50 mL final volume. Filter-sterilize and store at 4oC. 
3.4 Mg2+ (2 M) 
20.33 g  MgCl2.6H2O 
24.65 g MgSO4.7H2O 
Add distilled water to 100 mL then filter-sterilize. Solution can be stored at room 
temperature.  
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C. Lists of agarose gel preparation 
• FA gel for total RNA electrophoresis 
 1.2 g Agarose 
 10 mL 10X FA buffer 
 Add 100 mL of DEPC treated water then heat the mixture in a microwave. After 
cooling down to about 50oC, add 1.8 mL of 37% formaldehyde. Mix by swirling before 
casting on the gel slab. 
• PCR gel electrophoresis 
 1.5-3 g Agarose 
 Add MilliQ water to the final 100 mL then heat the gel mixture in a microwave. Cool 
down to about 50oC then pour on a gel slab surrounded by masking tape.
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D. Lists of genes studied in Genus Melanotaenia 
Table D.1: Genes studied in the Genus Melanotaenia to date (30/06/2006). 
Gene Species Entry 
Mitochondrial complete genome M. lacustris 2 
DEAD box RNA helicase Vasa mRNA 
complete cds 
M. fluviatilis 1 
28s rRNA gene, partial sequence M. splendens 5 
12s rRNA gene, partial sequence M. splendens 1 
Haplotype MS1 to MS23 ATPase 8 
gene, complete cds; and ATPase 6 
gene, partial cds; mitochondrial genes 
for mitochondrial products 
M. splendida splendida 23 
Mitochondrial tRNA-Pro gene (partial) 
and D-loop (partial), country Australia 
M. splendida splendida 5 
 M. trifasciata 1 
 M. splendida inornata 1 
 M. splendida rubrostriata 1 
 M. sexlineata 1 
 M. splendida tatei 1 
 M. splendida australis 4 
 Melanotania sp. 4 
 M. pygmaea 1 
 M. parkinsoni 1 
 M. affinis 1 
 M. herbertaxelrodi 2 
 M. goldiei 1 
 M. mubiensis 1 
 M. maccullochi 2 
 M. lakamora 1 
 M. ogilbyi 1 
 M. eachamensis 3 
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 M. duboulayi 1 
 M. fluviatilis 1 
 M. gracilis 1 
 M. exquisita 2 
 M. nigrans 1 
Mitochondrial partial subunit B gene 
(cyb gene), exon 1, various isolate 
M. fluviatilis 1 
 M. maccullochi 1 
 M. trifasciata 5 
 Melanotaenia sp. 4 
 M. splendida australis 5 
 M. parkinsoni 1 
 M. sexlineata 2 
 M. splendida rubrostriata 2 
 M. splendida tatei 3 
 M. splendida inornata 2 
 M. splendida splendida 6 
 M. sylvatica 1 
 M. pygmaea 1 
 M. ogilbyi 1 
 M. japenensis 1 
 M. fredericki 1 
 M. eachamensis 2 
 M. duboulayi 2 
 M. lacustris 2 
 M. herbertaxelrodi 2 
 M. monticola 1 
 M. goldiei 3 
 M. mubiensis 1 
 M. kamaka  
 M. lakamora  
 M. maccullochi 3 
 M. nigrans 1 
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 M. gracilis 1 
 M. affinis 2 
 M. batanta 1 
 M. catherinae 2 
 M. caerulea 2 
Mhc gene, intron 3 M. trifasciata 2 
Mitochondrial tRNA-pro and control 
region genes 
M. splendida 1 
Mitochondrial cytochrome B gene M. splendida 1 
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E. Data  
E.1 Chapter 3: cDNA library construction 
Analysis of gene sequences matched with different databases 
Clone No. Length (bp) Significant match Accession no. Score % Identity 
Expected 
value 
Homologous 
bases Database 
MF0028 788
64885_125_116_F01 Fundulus heteroclitus liver 
Fundulus heteroclitus cDNA similar to Cathepsin 
E precursor (EC.3.4.23.34), mRNA sequence CN988936 242 83 2.00E-60 361 EST 
MF0315 762
AGENAE Rainbow trout normalized testis library 
(tcbi) Oncorhynchus mykiss  CR370381 71.9 92 3.00E-09 48 EST 
MF1232 594
AGENCOURT_10679133_update NIH_MGC_137 
Mus musculus cDNA clone IMAGE: 6435865 5' 
mRNA sequence CF547318 56 94 0.0001 34 EST 
MF0015 330
AL_aaa21b02.b1 HC6AS_M Ajellomyces 
capsulatus cDNA 3', mRNA  CV614965  100 0.001 26 EST 
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MF0208 186
al2 Human colon adenoma cDNA library Homo 
sapiens cDNA mRNA sequence BQ825882 52 100 0.0009 26 EST 
MF0211 199
al2 Human colon adenoma cDNA library Homo 
sapiens cDNA mRNA sequence BQ825882 52 100 0.001 26 EST 
MF0161 713
Amphioxus Branchiostoma floridae unpublished 
cDNA library, adult whole animal Branchiostoma 
floridae cDNA clone rtlm32p06 5', mRNA 
sequence CT568974 48.1 100 0.023 24 EST 
MF0042 765
CFW117_C08.xd_t SHGC-CF Gasterosteus 
aculeatus cDNA clone CFW117-C08 3', mRNA 
sequence  DT951786 52 97 0.003 29 EST 
MFp24t 592
CNB_299_B10.x1d-tSHGC-CNB Gasterosteus 
aculeatus cDNA clone CNB299_B10, 3' mRNA 
sequence DV0168140 48.1 88 0.036 56 EST 
MF0120 733
CNB374_H09.y1d- SHGC-CNB2 Gasterosteus 
aculeatus cDNA clone CNB3749_H09, 3' mRNA 
sequence DW673143 60 82 1.00E-05 75 EST 
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MFp20t 793
CT06_64 Taiwania inner bark cDNA library 
Taiwania cryptomerioides cDNA, mRNA sequence DN975555 58 94 5.00E-05 34 EST 
MF1219 795
DR_ATE_ORE01_B05 adult testis ORESTES 
(TLL) Danio rerio cDNA, mRNA sequence C0356469 54 94 0.0008 32 EST 
MF0048 756
EST079 Differentially expressed cDNA libraries of 
BTH-treated/blast fungus-infected rice leaf tissues 
Oryza sativa (indica cultivar-group) cDNA clone 
BIHI-w10,  
mRNA sequence BI118693 52 90 0.003 37 EST 
MF0902 172
fv79e04.y1 zebrafish SJD day8 fin regeneration 
Danio rerio cDNA clone IMAGE5465550, 5' 
mRNA sequence B186909 48.1 100 0.009 24 EST 
MF0524 149
fy99f11.y1 zebrafish C32 14 somite embryo Danio 
rerio cDNA clone IMAGE:5818509, 5' similar to 
TR:020119 020119 ORF63; mRNA sequence BQ046753 48.1  0.008 26 EST 
MF0912 728
HREST library Haplochromis sp. 'Red tail sheller' 
cDNA clone no. 533g06, mRNA sequence BJ693414 103 83 9.00E-19 129 EST 
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MF0819 199
ic15d10.y1 Kaestner ngn3 Mus musculus cDNA 5', 
mRNA sequence BG798820 67.9 100 6.00E-09 34 EST 
MF0606 387
ie13e09.y1 Kaestner ngn 3 wt Mus musculus 
cDNA 5', mRNA sequence BG798677 50.1 97 0.006 28 EST 
MFtestR 912
ih98h04.y1 Kaestner ngn3wt Mus musculus cDNA 
5' similar to SW:Y166_HUMNA P50748 
HYPOTHETICAL PROTEIN KIAA0166; mRNA 
sequence CB178936 52 100 0.004 26 EST 
MF0162 323
in80h02.y1 Kaestner ngn3 wt Mus musculus 5', 
mRNA sequence CA951863 56 100 8.00E-05 28 EST 
MF0504 248
JGI_CAAW7735 fwd CAAW Pimephales 
promelas testis 7-8 months adults, males and 
female pooled (M) Pimephales promelas cDNA 
clone CAAW35, 5' mRNA  DT297238 48.1 82 0.016 72 EST 
MF0532 163
L_Al-aaa28e01.g1 HC7B_Y Ajellomyces 
capsulatus cDNA 5', mRNA sequence CV582827 52 100 0.0006 26 EST 
MF0192 316L-Al-aaa15g05.b1Hc7B_Y Ajellomyces capsulatus CV620117 48.1 100 0.018 24 EST 
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cDNA 3', mRNA sequence 
MF0122 758
Leptophaeria starvation library Leptosporia 
musculan cDNA, mRNA sequence DT932821 129 99 2.00E-26 68 EST 
MF0415 416
Mus musculus (mouse). Mus musculus 0 day 
neonate eyeball cDNA, riken full-length enriched 
library, clone:e130308j08 product:similar to 
possible integral membrane Q8BKA7_MOUSE 98 42 0.007 15 EST 
MFtestM 830
Mycelium subtracted infection mimic Phytopthora 
infestants cDNA, mRNA sequence CV945007 54 86 0.0008 75 EST 
MF0924 685
Pf_IL_295E06_TriplEx-5LD Flounder IL Induced 
liver library Platichthys flesus cDNA clone 
Pf_IL_295E06 5', mRNA sequence  71.9 95 3.00E-09 42 EST 
MF0112 212
Platichtyhs fleus liver mature substracted cDNA 
library Platichthys fleus cDNA clone BR2A11, 
mRNA  AJ580588 50.1 100 0.004 25 EST 
MF0199 384
Rainbow trout muscle SSH library from warm, 
cold and hypoxic stress (rtlm) Onchorynchus CT568974 48.1 100 0.023 24 EST 
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mykiss cDNA clone rtlm32p06 5', mRNA sequence 
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MF0135 964
Salmo salar kidney Salmo salar cDNA clone 
HK1G12, mRNA sequence AM042042 50.1 97 0.015 32 EST 
MF0620 407
strPU536.005764 Sea urchin embryo 40 hrs 
gastrula stage cDNA library MPMGp536 
Strongylocentrotus purpuratus cDNA clone 
CALTp536I205; MPI_536_5I20 5', mRNA 
sequence CD341943 58 81 2.00E-05 83 EST 
MF0095 765
Sugano-Kawakami 5' end enriched cDNA library 
(OLa) from HNI Oryzias latipes cDNA clone 
OLa28.10f similar to pir|T29181| hypothetical 
protein ZK381.7 - Caenorhabditis elegans, mRNA 
sequence. AU177261 119 87 2.00E-23 118 EST 
MF0807 749
TRC5-92 Chamaecyparis formosensis developing 
tissue cDNA library Chamaecyparis formensis 
cDNA, mRNA sequence DN953623 67.9 93 5.00E-08 40 EST 
MF0918 406
UI-HF-CH0.1-aue-f-03-0-UI.r1 NIH_MGC_211 
Homo sapiens cDNA 5', mRNA sequence CF123227 54 100 0.0004 27 EST 
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MF0174 399Acanthopagrus latus gene for 18s ribosomal RNA AB089345 694 98 0 368 GB 
MF0364 397Acanthopagrus latus gene for 18s ribosomal RNA AB089345 708 93 0.00E+00 370 GB 
MFtest45 393Acanthopagrus latus gene for 18s ribosomal RNA AB089345 739 98 0.00E+00 388 GB 
MF0321 305Aplysia punctata mRNA for cyplasin S (esk) AJ304801 52 100 6.00E-04 26 GB 
MF0331 393Aplysia punctata mRNA for cyplasin S (esk) AJ304801 54 100 2.00E-04 27 GB 
MF0151 251Aplysia punctata mRNA for cyplasin S (esk) AJ304801 61.9 100 5.00E-07 31 GB 
MF0438 239Aplysia punctata mRNA for cyplasin S (esk) AJ304801 62 100 5.00E-07 32 GB 
MF0352 388Aplysia punctata mRNA for cyplasin S (esk) AJ304801 62 100 8.00E-07 30 GB 
MF0986 276Aplysia punctata mRNA for cyplasin S (esk) AJ304801 63.9 100 2.00E-07 31 GB 
MF0396 260Aplysia punctata mRNA for cyplasin S (esk) AJ304801 64 100 1.00E-07 32 GB 
MF0410 260Aplysia punctata mRNA for cyplasin S (esk) AJ304801 64 100 1.00E-07 32 GB 
MF0677 406Barbus intermodius partial Bain-ZE*0401 antigen BIN420281 58 96 2.00E-05 32 GB 
MF0007 790Battrachocottus baikalensis orf1&orf2 genes U18939 48.1 100 0.022 24 GB 
MF0613 623
Chlamydophilia pneumoniae TW-183, section 3 of 
4, complete sequence AE017159 50 100 5.00E-03 25 GB 
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MF0528 324
Cyprinus capio mRNA for complement component 
C5-2, complete cds. AB084636 60 100 3.00E-06 30 GB 
MF0247 581Danio rerio Mix-type homeobox AB034245 48 100 0.018 26 GB 
MF0167 512Danio rerio mRNA similar to DnaJ (HSP40) BC049406 93.7 85 3.00E-16 92 GB 
MF0529 205Danio rerio ribosomal protein S5 (rps 5) mRNA  AF084636 153 87 1.00E-34 153 GB 
MF0536 204Danio rerio ribosomal protein S5 (rps 5) mRNA  AF084636 174 88 4.00E-41 144 GB 
MF0545 424
Drosophila melanogaster RE08455 full insert 
cDNA  AY119106 65.9 87 5.00E-08 57 GB 
MF1122 1135Drosophila melanogaster strain Inverted 3 clone AY676337 71.9  4.00E-09 36 GB 
MF0237 714Epinephelus aeneus RBP mRNA AF538328 115 87 2.00E-22 103 GB 
MF0136 418
Fundulus heteroclitus lysozyme precursor, mRNA, 
partial cds. AY735156 48.1 96 2.10E-02 26 GB 
MF0355 489Gasterosteus aculeatus clone CH213-156J22 AC146690 56 87 6.00E-05 48 GB 
MF1209 445
Homo sapiens BAC clone RP11-108G15 from 4, 
complete sequence AC131946 50.1 97 0.006 28 GB 
MF0999 706
Homo sapiens chromosome 15, clone RP11-
128A17 AC078909 186 96 4.00E-44 113 GB 
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MFtest05 1026
Homo sapiens Chromosome 21 clone BAC 49B5 
map 21q21 AF238375 54 96 7.00E-04 30 GB 
MF0348 589Homo sapiens chromosome 3 clone RP11-73I17 AC099047 54 100 3.00E-04 27 GB 
MF0514 259
Homo sapiens mRNA differentially expressed in 
malignant melanoma AJ293409 63.9 100 1.00E-07 32 GB 
MF0667 751
Homo sapiens mRNA differentially expressed in 
malignant melanoma HSA293409 65.9 100 1.00E-07 33 GB 
MF0992 552
Homo sapiens mRNA differentially expressed in 
malignant melanoma HSA293409 65.9 100 1.00E-07 33 GB 
MF0994 552
Homo sapiens mRNA differentially expressed in 
malignant melanoma HSA293409 65.9 100 1.00E-07 33 GB 
MF0995 552
Homo sapiens mRNA differentially expressed in 
malignant melanoma HSA293409 65.9 100 1.00E-07 33 GB 
MF0996 552
Homo sapiens mRNA differentially expressed in 
malignant melanoma HSA293409 65.9 100 1.00E-07 33 GB 
 240 
MF0997 552
Homo sapiens mRNA differentially expressed in 
malignant melanoma HSA293409 65.9 100 1.00E-07 33 GB 
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MF0335 436Hoppocampus comes 60s ribosomal RNA gene AY357071 264 84 1.00E-67 285 GB 
MF0228 702Human DNA sequence from clone  AL023284 46 100 0.05 25 GB 
MF0615 466Ictalurus punctatus ribosomal protein L5b mRNA AF401557 141 86  127 GB 
MFtest50 423Lymnaea stagnalis mRNA for DIC-2 AB159147 65.9 100 9.00E-08 33 GB 
MF0395 190Melanotaenia lacustris mitochondrial DNA AP004419 222 92 2.00E-55 142 GB 
MF0666 224Melanotaenia lacustris mitochondrial DNA AP004419 222 92 3.00E-55 145 GB 
MF1211 407Melanotaenia lacustris mitochondrial DNA AP004419 414 90 1.00E-113 311 GB 
MF0107 715Melanotaenia lacustris mitochondrial DNA AP004419 932 96 0 542 GB 
MF09t13 322Mus musculus ATP citrate lyase, mRNA BC021502 103 87 2.00E-19 100 GB 
MF1285 411
Mus musculus BAC clone RP23-394G23 from 
chromosome 8, complete sequence AC164432 75.8 89 9.00E-06 62 GB 
MF0337 281Mus musculus chromosome 6 clone AC131711 58  8.00E-06  GB 
MF0653 449Mus musculus polymerase N mRNA AY135562.2 50.1 93 3.00E-03 29 GB 
MF0927 709
Mus musculus protein arginine N-methyltransferase 
4, mRNA (cDNA clone MGC:67339 IMMAGE: 
5690424) BC060250 119 86 9.00E-24 112 GB 
MF0118 308Mus musculus transcription factor 3 (Tcf3) mRNA  58 94 9.00E-06  GB 
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MF1030 564Mus musculus Ubiquitin mRNA BC066197 58 100 3.00E-05 29 GB 
MF0808 305
Oncorhynchus mykiss TLR5 mRNA for Toll-like 
receptor 5 AB062504 60 100 2.00E-06 30 GB 
MF0350 132Oncorhychus mykiss 28s ribosomal RNA gene U34341 176 96 6.00E-42 102 GB 
MF0806 439
Oncorhychus mykiss TLR 5 mRNA for Toll-like 
receptor 5 AB062504 62 100 9.00E-07 31 GB 
MF0824 216
Oncorhynchus mykiss TLR5 mRNA for Toll-like 
receptor 5 AB062504 63.9 100 1.00E-07 32 GB 
MF0712 933
Oncorhynchus mykiss TLR5 mRNA for Toll-like 
receptor 5 AB062504 65.9 100 2.00E-07 33 GB 
MF0714 682Oncorynchus mykiss retinol-binding protein AF257326 176 86 6.00E-41 164 GB 
MF0530 177
Oreochromis aureus vitellogenin gene, complete 
cds AF072686 69.9 88 1.00E-09 56 GB 
MF0316 204Oreochromis mossambicus 18s ribosomal RNA AF497908 345 97 2.00E-92 195 GB 
MF0371 243Oreochromis mossambicus 18s ribosomal RNA AF497908 367 95 6.00E-99 218 GB 
MF1106 294Oreochromis mossambicus 18s ribosomal RNA AF497908 402 96 2.00E-109 230 GB 
MF0417 242Oreochromis mossambicus 18s ribosomal RNA AF497908 420 97 1.00E-112 230 GB 
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MF0089 500Oreochromis mossambicus 18s ribosomal RNA AF497908 577 96 1.00E-162 331 GB 
MF1047 425Oreochromis mossambicus 18s ribosomal RNA AF497908 680 97 0.00E+00 380 GB 
MF0149 709Oreochromis mossambicus 18s ribosomal RNA AF497908 779 97 0 443 GB 
MF0246 467Oreochromis mossambicus 18s ribosomal RNA AF497908 787 97 0.00E+00 436 GB 
MF0727 480Oreochromis mossambicus 18s ribosomal RNA AF497908 799 97 0.00E+00 440 GB 
MF0820 446Oreochromis mossambicus 18s ribosomal RNA AF497908 799 98 0 429 GB 
MF0147 464
Orizias latipes gene for membrane guanylyl 
cyclase OlG2, intron 4, partial sequence AB054296 111 82 1.00E-21 155 GB 
MF0639 380Oryzias latipes gene for 18s rRNA  AB105163 644 97 0 349 GB 
MF0984 1079
Oryzias latipes gene for membrane guanylyl 
cyclase OIGC1 AB021490 60 87 1.00E-05 54 GB 
MF0116 297Pampus argenteus partial 18S rRNA gene PAR564775 398 96 1.00E-108 230 GB 
MF0929 424
Paralichthys olivaceus mRNA for glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) AB029337 230 92 2.00E-57 157 GB 
MF0169 702Polypterus bichir, clone-22F22 complete sequence AC126321 61.9 81 1.00E-06 157 GB 
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MF0507 106
Pseudopleuronetes americanus 18s ribosomal 
RNA AY225100 204 99 2.00E-50 105 GB 
MF1098 695
Predicted: Danio rerio similar to tumor necrosis 
superfamily member 21 precursor (TNFR-related 
death receptor-6) mRNA XM688198 52 94 2.00E-03 32 GB 
MFtestC 611Salmo salar mRNA for glutamate dehydrogenase AJ532827 61.9 100 2.00E-06 31 GB 
MFtestE 802Salmo salar mRNA for glutamate dehydrogenase AJ532827 61.9 100 3.00E-06 31 GB 
MFtestD 727Salmo salar mRNA for glutamate dehydrogenase AJ532827 63.9 100 6.00E-07 32 GB 
MF1293 653Salmo salar mRNA for glutamate dehydrogenase SSA532827 75.8 93 1.00E-10 62 GB 
MF0064 862
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.1) gene AJ532826 123 97 5.00E-25 67 GB 
MF0610 291
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene AJ532827 52 100 6.00E-24 26 GB 
MF0672 407
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 52 100 1.00E-03 26 GB 
MF1006 464
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 52 100 0.001 26 GB 
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MF1267 397
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 52 100 0.01 26 GB 
MF0910 386
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene AJ532827 54 100 2.00E-04 26 GB 
MF0139 311
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 54 100 0.0002 27 GB 
MF0726 354
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 54 100 3.00E-04 27 GB 
MFtest47 260
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 56 100 2.00E-05 28 GB 
MF1101 256
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 56 100 5.00E-05 26 GB 
MF0890 491
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 56 100 0.0001 28 GB 
MF1266 491
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 56 100 0.0001 28 GB 
MF1124 735Salmo salar mRNA for glutamate dehydrogenase SSA532827 56 100 0.0002 28 GB 
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(gdh 3.2) gene 
        
        
MF0104 463
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 58 97 1.00E-05 30 GB 
MF0681 930
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 58 100 5.00E-05 29 GB 
MF0609 419
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 61 100 8.00E-07 31 GB 
MF0535 327
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 61.9 100 7.00E-07 31 GB 
MF0806 439
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 61.9 100 1.00E-06 31 GB 
MF0983 567
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 61.9 100 2.00E-06 31 GB 
MF1005 752Salmo salar mRNA for glutamate dehydrogenase SSA532827 61.9 100 2.00E-06 31 GB 
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(gdh 3.2) gene 
MFtestH 1005
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 61.9 100 2.00E-06 31 GB 
MF1070 826
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 61.9 100 3.00E-06 31 GB 
MF1220 788
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 61.9 100 3.00E-06 31 GB 
MF0808 305
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 62 100 6.00E-07 32 GB 
MF0680 325
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 63.9 100 3.00E-07 32 GB 
MF0938 703
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 63.9 100 4.00E-07 32 GB 
MFtestU 487
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 63.9 100 4.00E-07 32 GB 
MF0661 1006
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 63.9 97.1 9.00E-07 35 GB 
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MF0662 524
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 67.9 100 3.00E-08 34 GB 
        
        
MF0235 540
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 68 100 2.00E-08 34 GB 
MF1125 789
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 97 100 0.0002 32 GB 
MF0614 435
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 107 96 2.00E-20 59 GB 
MF1109 688
Salmo salar mRNA for glutamate dehydrogenase 
(gdh 3.2) gene SSA532827 111 98 3.00E-21 63 GB 
MF1289 289
Salmo salar mRNA for glutamate dehydrogenase 
(gdh. 3.2) gene SSA532827 52 100 9.00E-04 26 GB 
MF1297 445
Salmo salar mRNA for glutamate dehydrogenase 
(gdh. 3.2) gene SSA532827 52 100 0.001 26 GB 
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MFtestB 735
Salmo salar mRNA for glutamate dehydrogenase 
(gdh. 3.2) gene SSA532827 56 100 2.00E-04 31 GB 
MF0042t 211
Salmo salar mRNA for glutamate dehydrogenase 
(gdh. 3.2) gene SSA532827 58 100 8.00E-06 32 GB 
MFtest33 886
Salmo salar mRNA for glutamate dehydrogenase 
(gdh. 3.2) gene SSA532827 61.9 100 3.00E-06 31 GB 
MF0506 468
Salmo salar mRNA for glutamate dehydrogenase 
(gdh. 3.2) gene SSA532827 64 100 2.00E-07 32 GB 
MFtest01 180
Salmo salar mRNA for glutamate dehydrogenase 
(gdh. 3.2) gene SSA532827 91.7 94 5.00E-16 55 GB 
MF1116 206
Salmo salar mRNA for glutamate dehydrogenase 
(gdh. 3.2) gene SSA532827 113 96 2.00E-22 63 GB 
MF1194 1148
Salmo salar mRNA for glutamate dehydrogenase 
(gdh. 3.2) gene SSA532827 127 98 8.00E-26 71 GB 
MF0103 398
Salmo salar mRNA for glutamate dehydrogenase 
(gdh3.2 gene). SSA532827 58 97 2.00E-05 31 GB 
MF0653 424Salmo salar mRNA for glutamate dehydrogenase SSA532827 60 97 6.00E-06 33 GB 
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(gdh3.2 gene). 
MF0825 417
Salmo salar mRNA for glutamate dehydrogenase 
(gdh3.2 gene). SSA532827 61 100 1.00E-06 31 GB 
        
        
MF0175 436
Salmo salar partial mRNA for glutamate 
dehydrogenase (gdh1) gene  SSA532827 60 100 3.00E-06 30 GB 
MF0619 472
Salmo salar partial mRNA for glutamate 
dehydrogenase (gdh1) gene  SSA532827 61.9 100 1.00E-06 31 GB 
MF0887 760Sparus aurata glucokinase mRNA AF169368 448 84 1.00E-122 523 GB 
MF0141 486
Sparus aurata zona pellucida protein Ba mRNA, 
complete cds. AY928800 258 84 1.00E-65 297 GB 
MF0953 573
Spodoptera frugiperda mRNA for allastostatin (ast 
gene) SFR488181 60 97 6.00E-06 33 GB 
MF1200 318
Takifugu rubripes APoA-IV1 mRNA for 
apolipoprotein AB183290 135 86 8.00E-29 128 GB 
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MF1288 318
Takifugu rubripes APoA-IV1 mRNA for 
apolipoprotein AB183290 135 86 9.00E-29 128 GB 
MF0682 318
Takifugu rubripes APoA-IV1 mRNA for 
apolipoprotein AB183290 143 87 3.00E-31 129 GB 
MF0000 1163Takifugu rubripes clone 264E2 AC097628 83.8 82 9.00E-13 111 GB 
MF1290 847
Takifugu rubripes clone fru 31310 non LTR-
retrotransposon transcriptase AY212360 75.8 91 2.00E-10 53 GB 
MFtest06 1055
Takifugu rubripes partial mRNA for alpha-2, 6-
sialyltransferase ST6GalNACIII (Siat 7C gene) AJ634456 172 83 1.00E-39 204 GB 
MF0509 741
Takifugu rubripes PDGFRalpha gene, complete 
cds, alternatively splice and kinase receptor kit (C-
kit) AF456419 90 80 7.00E-15 171 GB 
MF0988 673
Tetraodon nigroviridis non-LTR retrotransposon 
Rex3_tet AJ621035 551 86 1.00E-154 548 GB 
MF0150 368
Tetraodon nigroviridis partial TY3/GYPSY-like 
LTR retrotransposon Rodin_Tet. AJ621593 52 79 1.00E-03 131 GB 
MF0311 342Trichiurus haumela partial 18s ribosomal RNA THA564744 565 97 1.00E-158 315 GB 
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gene  
MF0818 476
Trichiurus haumela partial 18s ribosomal RNA 
gene  THA564744 793 98 0 433 GB 
MF0921 719
Trichiurus haumela partial 18s ribosomal RNA 
gene  THA564744 1076 96 0 638 GB 
MF0216 393Xiphophorus maculatus Rex3 retrotransposon AY298859 153 86 3.00E-34 152 GB 
MF0248 714
Zebrafish DNA sequence from clone CH211-
147H1. Contains a novel gene similar to mouse 
grid 2ip (ionotropic glutamate receptro delta2 
(Grid2) interacting protein 1), a novel gene similar 
to zebrafish pim1, a novel gene similar to 
vertebrate RG59 (regulator of G protein sinaling9) 
and two CpG islands, complete sequence AL772266 56 90 9.00E-05 47 GB 
MF1128 1019
Zebrafish DNA sequence from clone CH211-16 in 
linkage group 10  BX569788 307 89 4.00E-80 263 GB 
MF0709 324
Zebrafish DNA sequence from clone DKEY-
231A184 BX537308 67.9 86 2.00E-08 64 GB 
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MF0109 445
Zebrafish DNA sequence from clone DKEY-
76A14 in linkage group 1, complete sequece BX470255 115 96 1.00E-22 70 GB 
MF0190 209Zebrafish DNA sequnce from clone CH211-229I1 AL953907 135 91 3.00E-29 104 GB 
MF0925 749
Anopheles gambiae str. pest. ensangp00000025237 
(fragment).  Q7PKU5_ANOGA 131 24 2.00E-06 35 Pro 
MF1069 1145Aspartic acid-rich protein aspolin2 Q762N2_THECH 188 26 8.00E-13 47 Pro 
MF0811 760Bacteroides fragilis. Dipeptidyl peptidase iv Q64XP9_BACFR 391 58 1.00E-53 71 Pro 
MF0676 326Bombyx mori (silk moth). Reverse transcriptase Q5KTM2_BOMMO 158 36 4.00E-10 32 Pro 
MF0935 561
Bos taurus (bovine). Adipophilin (adipose 
differentiation-related protein) (adrp) ADFP_BOVIN 147 64 2.00E-08 24 Pro 
MF0014 1000
Brachydanio rerio (zebrafish) (Danio rerio). M-
cadherin Q6T1F3_BRARE 126 46 9.00E-06 30 Pro 
MF0816 463
Brachydanio rerio (zebrafish) (Danio rerio). Novel 
protein similar to vertebrate fibrinogen-like 2 (fgl2) Q5TYU3_BRARE 435 61 3.00E-42 78 Pro 
MF0710 463
Brachydanio rerio (zebrafish) (Danio rerio). Novel 
protein similar to vertebrate fibrinogen-like 2 
(fgl2).  Q5TYU3_BRARE 435 61 3.00E-42 78 Pro 
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MF0979 289
Brachydanio rerio (zebrafish) (Danio rerio). One 
cut domain, family member 1, like.  Q6PHC9_BRARE 345 91 4.00E-32 67 Pro 
MF0974 589
Brachydanio rerio (zebrafish) (Danio rerio). 
Similar to 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 2 Q7ZU78_BRARE 159 55 9.00E-10 35 Pro 
MF0243 711
Brachydanio rerio (zebrafish) (Danio rerio). 
Zgc:92436 Q6DG36_BRARE 100 59 0.009 19 Pro 
MF0724 318
Fugu rubripes (Japanese pufferfish) (Takifugu 
rubripes). Putative nucleic acid binding protein Q9YGS3_FUGRU 101 68 0.002 17 Pro 
MFp10t 1163
Fugu rubripes (Japanese pufferfish) (Takifugu 
rubripes). Reverse transcriptase-like protein Q9YGS2 265 60 2.00E-22 50 Pro 
MF0965 321
Fugu rubripes (Japanese pufferfish) (Takifugu 
rubripes). Reverse transcriptase-like protein. Q9YGS2_FUGRU 211 47 3.00E-16 47 Pro 
MF0963 321
Fugu rubripes (Japanese pufferfish) (Takifugu 
rubripes). Reverse transcriptase-like protein. Q9YGS2_FUGRU 211 47 3.00E-16 47 Pro 
MF0027 793
Fugu rubripes (Japanese pufferfish) (Takifugu 
rubripes). Putative nucleic acid binding protein  Q9YGS3_FUGRU 141 36 2.00E-27 33 Pro 
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MF0231 459
Gillichthys mirabilis (long-jawed mudsucker). 
Putative serum transporter protein (fragment). Q9DFK4_GILMI 141 70 9.00E-08 28 Pro 
MF0916 722Homo sapiens (human). Gl013 Q9H2I9_HUMAN 106 32 0.002 26 Pro 
MF0940 744
Melanotaenia lacustris. cytochrome c oxidase 
polypeptide ii  Q8HLZ8_9SMEG 337 68 3.00E-34 69 Pro 
MF0978 385
Melanotaenia lacustris. NADH-ubiquinone 
oxidoreductase chain 4 (EC 1.6.5.3). Q8HLZ2_9SMEG 258 83 1.00E-21 53 Pro 
MF0932 526
Mus musculus (mouse). Mus musculus orfs 
(putative primordial protein), complete cds.  Q62097_MOUSE 112 30 2.00E-04 46 Pro 
MF0964 402
Mus musculus (mouse). Protein kinase n2 (EC 
2.7.1.37) (protein kinase c-like 2) (protein- kinase 
c-related kinase 2).  PKL2_MOUSE 97 100 9.00E-03 20 Pro 
MF0227 710
Mus musculus 0 day neonate kidney cDNA, riken 
full-length enriched library, clone:d630026k16 
product:polydomain protein, full insert sequence. 
(fragment) Q8C720_MOUSE 184 55 1.00E-12 31 Pro 
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MF1215 950
Mus musculus adult male diencephalon cDNA, 
riken full-length enriched library, 
clone:9330128j19 product:hypothetical prenyl 
group binding site (caax box)/death doma Q8BZP7_MOUSE 116 77 2.00E-04 22 Pro 
MFtestQ 963Myxococcus xanthus. SocE Q9KHC4_MYXXA 229 48 1.00E-17 56 Pro 
MF0987 815
Oncorhynchus mykiss (rainbow trout) (Salmo 
gairdneri). vhsv-induced protein-10 Q8QGB0_ONCMY 195 63 8.00E-14 37 Pro 
MF0982 712
Oryza sativa (japonica cultivar-group). 
Hypothetical protein p0683b12.13.  Q65WX7_ORYSA 100 31 0.009 30 Pro 
MF0115 700
Oryzias latipes (medaka fish) (Japanese ricefish). 
Reo_6 protein. Q8UUM3_ORYLA 443 44 5.00E-43 94 Pro 
MF0900 522Oryzias latipes Reo_6 protein Q8UUM3 63.6 29 3.00E-09 36 Pro 
MF0722 333
Paralichthys olivaceus (Japanese flounder). 
Reverse transcriptase-like protein Q7T271_PAROL 144 42 2.00E-08 31 Pro 
MF0341 397
Rattus norvegicus (rat). ATP-citrate synthase (ec 
2.3.3.8) (ATP-citrate (pro-s-lyase) (citrate cleavage 
enzyme) ACLY_RAT 213 81 5.00E-16 43 Pro 
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MF1265 224
Rattus norvegicus (rat). Cation-chloride 
cotransporter 9 homolog Q8CJI2_RAT 124 46 2.00E-06 27 Pro 
MF0919 345Sillago japonica. Vitellogenin.  Q8AYR7_9PERO 351 71 1.00E-32 64 Pro 
MF1139 905Tetraodon nigroviridis (green puffer). Polyprotein Q7T1J8_TETNG 361 41 3.00E-33 92 Pro 
MF0061 776
Ureaplasma parvum (Ureaplasma urealyticum 
biotype 1). Multiple banded antigen (fragment). Q6B4W6_UREPA 211 18 1.00E-15 37 Pro 
MF0899 762
Vairimorpha necatrix. Largest subunit of RNA 
polymerase  O96446_9MICR 115 32 2.00E-04 24 Pro 
MF0944 509
Xenopus laevis (African clawed frog). Mgc82982 
protein Q6GN73_XENLA 116 31 8.00E-05 34 Pro 
MF0756 1041
Xenopus laevis (African clawed frog). Mgc86518 
protein Q66IN0_XENLA 116 47 0.0002 36 Pro 
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E.2 Chapter 4: Vitellogenin mRNA expression 
Calculation for construction of plasmid standard curves 
Table E2.1: Analysis of plasmid sample concentrations      
        
Sample A260 A280 Ratio Dilution factor Conc (µg/mL) µg/µL g/µL 
18S rRNA 0.0095 0.0047 2.008 200 76 0.076 7.6E-08 
Vtg 0.0143 0.0075 1.9162 200 114.4 0.1144 1.1E-07 
        
Plasmid size including insert  18S 3357bp   
   Vtg 3360bp   
Std. Curve for Vtg       
        
Mass = plasmid size x 1.096E-21 g/bp      
        
Mass = 3360 x 1.096E-21       
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Mass =  3.68256E-18g      
    
5 µL pipetted into a PCR reaction 
  
Copy of interest Mass of plasmid DNA (g) Final conc of plasmid DNA (g/µL)   
    10,000,000 3.68256E-11 7.36512E-12   
      1,000,000 3.68256E-12 7.36512E-13   
100,000 3.68256E-13 7.36512E-14   
10,000 3.68256E-14 7.36512E-15   
1,000 3.68256E-15 7.36512E-16   
100 3.68256E-16 7.36512E-17   
10 3.68256E-17 7.36512E-18   
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Table E2.2 :  Vtg standard curve 
Dilution Sc of plasmid Initial conc.  (g/µL) (C1)Volume (µL) (V1) Diluent (µL) Final Vol (µL) (V2) 
Final conc. (g/µL) 
(C2)  
1Stock 1.144E-07 5  495  500 1.144E-09 
2Dilution 1 (V1) 1.144E-09 10  990  1000 1.144E-11 
3Dilution 2 (V2) 1.144E-11 64.38 35.62 100 7.36512E-12 
4Dilution 3 (V3) 7.36512E-12 10  90  100 7.36512E-13 
5Dilution 4 (V4) 7.36512E-13 10  90  100 7.36512E-14 
6Dilution 5 (V5) 7.36512E-14 10  90  100 7.36512E-15 
7Dilution 6 (V6) 7.36512E-15 10  90  100 7.36512E-16 
8Dilution 7 (V7) 7.36512E-16 10  90  100 7.36512E-17 
9Dilution 8 (V8) 7.36512E-17 10  90  100 7.36512E-18 
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Std. Curve for 18S rRNA       
        
mass = 3.58863E-18g      
    
5 µL pipetted into a PCR reaction 
  
Copy of interest Mass of plasmid DNA (g) Final conc of plasmid DNA (g/µL)   
    10,000,000 3.58863E-11 7.17727E-12   
      1,000,000 3.58863E-12 7.17727E-13   
100,000 3.58863E-13 7.17727E-14   
10,000 3.58863E-14 7.17727E-15   
1,000 3.58863E-15 7.17727E-16   
100 3.58863E-16 7.17727E-17   
10 3.58863E-17 7.17727E-18   
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Table E2.3:   18S Standard curve      
Dilution Sc of plasmid Initial conc. (g/µL) (C1) Volume (µL) (V1) Diluent (µL) Final Vol (µL) (V2) 
Final conc. (g/µL) 
(C2)  
1Stock 7.6E-09 5  495  500  7.6E-10 
2Dilution 1 (H1) 7.6E-10 10  90  100  7.6E-11 
3Dilution 2 (H2) 7.6E-11 9.44 90.56 100  7.18E-12 
4Dilution 3 (H3) 7.18E-12 10  90  100  7.18E-13 
5Dilution 4 (H4) 7.18E-13 10  90  100  7.18E-14 
6Dilution 5 (H5) 7.18E-14 10  90  100  7.18E-15 
7Dilution 6 (H6) 7.18E-15 10  90  100  7.18E-16 
8Dilution 7 (H7) 7.18E-16 10  90  100  7.18E-17 
9Dilution 8 (H8) 7.18E-17 10  90  100  7.18E-18 
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E.3 Chapter 5: Protein assay 
Table E.3. 1: Calculation of total protein concentration in each sample 
Tube Conc. (µg/ml) OD 1 OD 2 Average SD 
Blk 0 0.223 0.225 0.22 0.00 
1 2 0.082 0.095 0.09 0.01 
2 4 0.121 0.173 0.15 0.04 
3 8 0.153 0.192 0.17 0.03 
4 16 0.352 0.353 0.35 0.00 
5 32 0.521 0.524 0.52 0.00 
6 64 0.750 0.700 0.73 0.04 
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Table E.3. 2: Quantification of total protein in plasma samples. 
Sample OD 1 OD 2 Average SD 
Predict conc. 
(µg/mL) 
Conc. 
(mg/mL) SD Stock (V1) µL Diluent (µL) 
M0 0.47 0.568 0.519 0.07 39.10 7.82 0.07 12.8 87.2 
M96 0.432 0.326 0.379 0.07 25.37 5.07 0.07 19.7 80.3 
MD1_12 0.358 0.309 0.3335 0.03 20.91 4.18 0.03 23.9 76.1 
MD1_24 0.373 0.363 0.368 0.01 24.29 4.86 0.01 20.6 79.4 
MD1_48 0.343 0.536 0.4395 0.14 31.30 6.26 0.14 16.0 84.0 
MD1_96 0.463 0.281 0.372 0.13 24.69 4.94 0.13 20.3 79.7 
MD2_12 0.222 0.262 0.242 0.03 11.94 2.39 0.03 41.9 58.1 
MD2_24 0.221 0.398 0.3095 0.13 18.56 9.28 0.13 10.8 89.2 
F0 0.400 0.500 0.4500 0.07 32.33 16.17 0.07 6.2 93.8 
F96 0.441 0.516 0.4785 0.05 35.13 7.03 0.05 14.2 85.8 
FD1_12 0.325 0.355 0.3400 0.02 21.55 4.31 0.02 23.2 76.8 
FD1_24 0.391 0.516 0.4535 0.09 32.68 6.54 0.09 15.3 84.7 
FD1_48 0.484 0.703 0.5935 0.15 46.40 9.28 0.15 10.8 89.2 
FD1_96 0.617 0.699 0.658 0.06 52.73 10.55 0.06 9.5 90.5 
FD2_12 0.693 0.553 0.623 0.10 49.29 9.86 0.10 10.1 89.9 
FD2_24 0.589 0.446 0.5175 0.10 38.95 19.48 0.10 5.1 94.9 
 
 
